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Abstract  
Offshore wind farms tend towards larger capacity to make good use of the stronger winds and 
allow improved fixed cost allocation. An offshore wind farm could be sized at hundreds of MWs, 
which is competitive with conventional power plants. Consequently, grid integration of such size 
offshore wind farms could seriously impact the operation and stability of their interconnected power 
system. To assist in maintaining the power system stability when large disturbances occur in the 
grid, modern offshore wind farms consisting of variable-speed wind turbines are required to provide 
ancillary services such as voltage and frequency control.  
The greater distance to shore makes commonly used high voltage AC (HVAC) connection 
unsuitable economically and technically for large offshore wind farms. Alternatively, voltage 
source converter (VSC)-based high voltage DC (HVDC) transmission becomes more attractive and 
practical to integrate large-scale offshore wind farms into the onshore power grid, owing to its high 
capacity, advanced controllability and stabilization potential for AC networks etc.  
In this dissertation, some of the key technical issues with grid integration of large-scale offshore 
wind farms via VSC-HVDC transmission are addressed. The main objectives have been to study the 
dynamic interactions between offshore wind farms and interconnected power systems, pinpoint the 
impact on the electrical grid while integrating large-scale offshore wind farms via VSC-HVDC link 
and propose potential solutions to improve the dynamic stability of the network.  
This research work starts with the modelling of full converter wind turbine and VSC-HVDC 
transmission system. Then, based on those models, the impact of integration of a large offshore 
wind farm into the power system through VSC-HVDC transmission is investigated. In addition to 
steady-state voltage profile analysis, dynamic voltage stability and transient angle stability 
simulations are also conducted at different wind penetration levels. The comprehensive analysis of 
the results helps to understand the stability concerns of the offshore wind power integration. 
VSC-HVDC link is characterized by independent active and reactive power control and hence is 
able to provide reactive power / voltage support during grid voltage disturbances. However, for a 
given VSC capacity, the more the active power output, the less the available reactive power output. 
Therefore, the voltage support capability of VSC-HVDC is limited by both its VSC capacity and 
the control scheme. In reference to the control strategies of VSC-HVDC used in this research 
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project, a trajectory sensitivity analysis (TSA)-based approximation is proposed as a method to 
identify the minimum onshore VSC capacity with which the VSC-HVDC link is able to provide 
effective support for stabilizing the grid voltage following a grid disturbance. The developed TSA-
based method implements a two-stage approximation strategy to improve the accuracy of the linear 
approximation. Both reactive power-based and voltage-based trajectory sensitivities are used to 
verify the effectiveness of the proposed method.  This proposed method avoids running large 
amount of repeated time-domain simulations. 
Due to the decoupling of VSC-HVDC and communication delay, offshore wind farms that run in 
a de-loading mode to provide frequency reserve, may not be able to respond to the onshore grid 
frequency excursion in time. Consequently, the stability and security of power system will be put at 
risk, especially for those with high wind penetration. A coordinated frequency control scheme is 
developed not only to reduce the responding latency of offshore wind farms effectively but also to 
allow VSC-HVDC to contribute to system frequency regulation by adjusting its DC-link voltage. 
The adaptive control of the DC-link voltage enables the DC capacitors of VSC-HVDC to 
release/absorb energy to regulate the frequency deviation. To further enhance the system frequency 
response, the frequency support from VSC-HVDC is also finely coordinated with that from offshore 
wind farm according to the latency of offshore wind turbines responding to onshore grid frequency 
disturbances. 
Deploying energy storage systems is considered an effective way of dealing with the challenges 
brought by high wind power penetration.  Therefore, a PWM converter-interfaced battery energy 
storage system (BESS) is applied to the power system integrated with a large offshore wind farm 
via VSC-HVDC link. The BESS is used to provide primary frequency control in cooperation with 
wind power fluctuation mitigation. A new converter rating evaluation approach as well as a new 
power management strategy is proposed to enable the BESS to enhance the system frequency 
response on the basis of wind power fluctuation mitigation.  
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Danske Resumé 
Offshore vindmølleparker går imod større kapacitet for at udnytte den stærkere vind og tillade en 
bedre fast allokering af omkostningerne. En offshore vindmøllepark kan have en størrelse på 
hundrede af MW og være konkurrencedygtige med konventionelle kraftværker. Derfor kan 
netpåvirkningen af sådanne offshore vindmølleparker have stor indflydelse på driften og stabiliteten 
på nettet de tilsluttes. For at assistere i at opretholde netstabiliteten når der sker store forstyrrelser i 
nettet, skal moderne vindmøller med variabel hastighed være i stand til at yde ekstra netservice i 
form af spændings- og frekvenskontrol  
Længere afstande til kysten gør at den normalt anvendte AC-tilslutning økonomiske og teknisk 
uanvendlig for store vindmølleparker. I stedet bliver spændingstyrede (VCS) 
jævnspændingsforbindelser attractive og praktiske til storskala integration af vindmølleparker og 
deres tilslutning på land på grund af deres store kapacitet, avancerede styrings- og 
stabilitetsmuligheder for AC-nettene.  
I denne afhandling adresseres nogle af hovedproblemstillingerne ved stor skala integration af 
offshore vindmølleparker via VSC-HVDC transmission. Hovedformålet har været at studere den 
dynamiske interaktion mellem offshore vindmøllerne og el-nettet de tilsluttes, finde påvirkningen 
ved storskala offshore tilslutning via VSC-HVDC og foreslå løsninger til at forbedre den dynamiske 
stabilitet i nettet.   
Forskningen starter med modellering af en fuld konverter vindmølle og et VSC-HVDC 
transmission system. Baseret på disse modeller undersøges dernæst påvirkningen på el-nettet ved 
storskala integrationen af offshore vindparken via VSC-HVDC transmissionen. Udover stationær 
anlyse af spændingsprofiler, er der i projektet også foretaget dynamisk spændingsstabilitets og 
transient vinkelstabilitets simuleringer ved forskellige vindintegrations andele. Den dybdegående 
analyse af resultaterne hjælper til at forstå stabilitetsforholdene ved vindmølle integration.  
VSC-HVDC linjer er karakteriseret ved at kunne styre den aktive og reaktive effekt uafhængigt 
af hinanden og kan derfor yde reaktiv effekt/spændingsstabilisering ved spændingsforstyrrelser. For 
en given VSC kapacitet er det imidlertid sådan at jo mere aktiv effekt der udtages jo mindre reaktiv 
effekt vil der kunne udtages. Derfor et spændingsstabiliseringskapaciteten for en VSC-HVDC linje 
begrænset bade af VSC kapaciteten og styringen. Med hensyn til VSC-HVDC styringen, der er 
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anvendt i dette project, anvendes en trajektorie følsomhedsanalyse approximation (TSA) som 
metode til at identificere minimum kapaciteten af VSC systemet på land, med hvilken VSC-HVDC  
linjen er i stand til at yde effektiv support til at stabilisere netspændingen efter en forstyrrelse. Den 
udviklede TSA-metode anvender en to-steps approximerings strategi til at forbedre nøjagtigheden 
af den lineære approximation. Både reaktiv effektbaseret og spændingsbaseret trajectorie følsomhed 
anvendes til at verifice effektiviteten af den foreslåede metode. Den foreslåede metode betyder at at 
et stort antal gentagne tidsdomæne simuleringer kan undgås. 
På grund af afkobling imellem VSC-HVDC systemet og kommunikationsforsinkelser, kan 
offshore vindparker, der ikke kører for fuld last fordi de skal yde frekvensreserve måske ikke være i 
stand til at reagere på frekvensforstyrrelser på land i tide. Som følge heraf løbes en risoko mht. 
stabiliteten og sikkerheden i elnettet især ved stor vindmølleintegration. Der er udviklet en 
koordineret frekvensstyringsmetode ikke kun for at reducere svartiden for offshore vindparken men 
også for at lade VSC-HVDC systemet bidrage til frekvensreguleringen ved at justere på DC 
spændingen. Den adaptive styring af DC spændingen tillader DC kapacitorerne i VSC-HVDC 
systemet til at afgive/absorbere energi for at styre frekvensafvigelsen.  For yderligere at forbedre 
frekvensresponsen fra VSC-HVDC systemet er det koordineret med systemet for offshore 
vindparken med hensyn til forsinkelsen der sker når offshore vindmøllerne reagerer på 
frekvensforstyrrelserne fra land.  
Anvendelse af energilagringssystemer anses for en effektiv måde at tage højde for de 
udfordringer der sker ved høj integration af vindmøller. Derfor er der anvendt et PWM 
konverterbaseret batteri lagringssystem (BESS) til elsystemet der er tilsluttet med offshore 
vindparken via VSC-HVDC linjen. BESS	systemet	er	anvendt	til	at	yde	primær	frekvenskontrol	
samtidig	med	at	det	skal	modvirke	vind	fluktuationer.	Der	er	foreslået	en	ny	konvertereffekt	
bestemmelsesmetode	 såvel	 som	 en	 ny	 effektstyringsstrategi	 der	 skal	 gøre	 BESS	 systemet	 i	
stand	til	at	forbedre	system	frekvensresponsen	som	følge	af	vindfluktuationerne.		
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Chapter 1 
Introduction 
To fight with the global warmth and foreseeable energy crisis, renewable energy has been 
introduced and played an increasing import role in our energy supply chain. As one of the most 
significant renewable sources of electrical power, wind energy has the most mature technology in 
operation and been given great attention. Particularly, offshore wind has been actively developed in 
many countries as the sustainable and secure energy supply. Since offshore wind farms normally 
have large-scale capacities and tend to replace conventional power plants, the grid connection of 
offshore wind farms raises challenges for the stability and security of interconnected power grids. 
1.1 Background 
Globalization and modernization have facilitated economies and bettered lives of millions of 
population. However, these benefits are shadowed by disastrous climate changing, soaring fuel 
prices and fast depletion of fossil energy reserves. To pursue the diversity and security of energy 
supply and ensure environmental sustainability, significant research and implementation has been 
directed towards harnessing renewable energy sources world-wide for decades. 
Among various renewable energy sources, wind energy is being viewed as a mainstream power 
generation technology and achieving increasingly fast growth globally since 1980s. The very low 
lifetime carbon emissions, significant exploitable resource potential and relatively mature 
technology have attracted many countries to set ambitious targets for using wind power at utility 
scale [1], [2]. To maintain technological leadership and boost low-carbon economy, EU has 
continuously invested a vast sum of funds in wind energy technology. It aims to make wind the 
most competitive energy source in Europe and enable wind energy to supply 14% of Europe’s total 
electricity demand in 2020 and 33% in  2030, up from 5.3% in 2010 [3]. The focuses are not only 
on the development of onshore wind energy, but also on the exploitation of offshore wind. 
Onshore wind energy is one of the most cost-effective renewable technologies and has been well 
understood and implemented.  However, its growth potential is seriously limited by sitting spaces 
and human activities. In contrast, offshore wind farms are normally far from shore and have lower 
effects on human activities. Owing to good wind conditions, offshore wind is able to provide higher 
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and steadier energy yields. Although offshore wind is expensive mainly due to construction and 
connection costs, the huge energy potential of offshore wind and the imperative of carbon emission 
reductions still give countries and stakeholders strong incentives to invest in offshore wind 
technology. It is expected that the annual net increase in offshore wind capacity will grow steadily 
from 1.1 GW in 2011 to 6.5 GW in 2020 and Europe will have had more than 40 GW installed 
capacity of offshore wind power by 2020 and 150 GW in 2030 [3] – [5].  Offshore wind energy 
becomes more significant in the North Sea neighbouring countries. Figure 1.1 shows the future 
development of offshore wind capacity in the North Sea.   
 
Figure 1.1 Offshore and onshore wind farm installations in Northern Europe in 2020 and 2030 [4]. 
For low wind power penetration levels, the performance of the wind generation will not affect 
the grid operation to any significant extent. For higher penetration levels of wind power and in view 
of the fact that offshore wind farms are large enough to replace conventional power plants, the grid 
integration of large offshore wind farms will inevitably influence the power system stability and 
control, and introduce a series of challenges and issues on [1], [2], [4] :  
 System operation,  
 Grid connection of wind power  and system transient stability, 
 Grid infrastructure issues, 
 Contribution of wind power to system adequacy, 
 Market redesign issues to facilitate wind power integration. 
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1.2 Power system requirements for high wind penetration 
1.2.1 Wind power effects on the power system 
The impact of wind power on the power system is not only related to the wind power penetration 
level, but also determined by the size and capacity of the power system, the electricity generation 
mix and load variations in the system etc. As an important generation source to replace 
conventional power plants, the wind power brings the power system both short-term and long-term 
impacts and these impacts matter locally and system-widely [1], [6], [7]. 
TABLE 1.1  
Power system impacts of wind power, causing integration costs [1], [6], [7]. 
  Effects Time-scale 
Affecting 
area Wind power contribution 
Short-term 
impacts 
Voltage management Minutes Local Dynamic voltage support 
Production efficiency of 
thermal / hydro 
1-24 
hours System
Depending on how the system is operated and on the 
use of short-term forecast 
Transmission / 
distribution benefits 
1-24 
hours 
Local or 
system 
Depending on penetration level, wind farms may 
create additional investment costs or benefits. Wind 
energy can reduce network losses. 
Regulating reserves Minutes 
to 1 hour
System
Wind power can partially contribute to primary and 
secondary control. 
Discarded energy Hours System Wind power may exceed the amount of the system 
can absorb. 
Long-term 
impacts 
System reliability 
(power adequacy) Years System
Wind power can contribute to power system 
adequacy. 
The short-term impacts are caused by the variable output of wind power generation that results 
in additional requirements of balancing the system on the operational time scale (from several 
minutes to several hours). In the long-term, large-scale integration of wind power may risk the 
power supply at times of peak demand, namely the adequacy of power capacity, due to the 
intermittent nature of wind power. As modern wind farms are able to control its active and reactive 
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power output, wind power can provide local voltage management. From the system point of view, 
wind power affects the system power flow, spinning reserves, production efficiency of other power 
generation systems and the adequacy of the system. Large wind farms are also required to provide 
ancillary services like conventional power plants. With high penetration levels, wind power 
essentially participates in maintaining the system stability and supply security. Table 1.1 
summarizes the impacts that wind power has on the power system.  
1.2.2 Grid code requirements 
Modern power system is a complex interconnected network of multiple generating sources, 
transmission networks and consumers. A properly designed and operated power system must be 
able to provide minimum-cost and qualified electricity to meet the continuously changing demand 
at all times and at the same time maintain adequate power reserves. 
Wind power generation is characterized by its variation, intermittency and uncertainty. With the 
increasing penetration levels, the integration of large-scale wind power brings the power system 
profound influences as above mentioned. Thus, to maintain the system stability and reliability with 
large-scale wind power integration, transmission system operators (TSO) have updated their grid 
codes with specific interconnection requirement for the operation of wind farms including offshore 
wind farms.  
Figure 1.2 The frequency-voltage boundary for wind farm operation of various grid codes [9]. 
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Due to the differences among power networks and assorted wind penetration levels, grid codes 
normally vary from country to country. However, there are some common technical requirements 
within most of the current grid codes as following [7]-[13]: 
 Frequency and voltage operating range, 
 Control of active power, 
 Control of reactive power, 
 Low voltage ride through, 
 Reactive power injection during voltage dips. 
 
Figure 1.3 Active power control strategies for wind farms [7]: (a) Absolute power control; (b) Power balance 
control; (c) Power rate limitation control; (d) Delta control. 
Grid codes specify that wind farms must operate continuously within the voltage and frequency 
variation limits in normal operation conditions and also be capable of remaining connected for a 
certain time under abnormal frequencies in order to support the system for a fast frequency 
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restoration. Figure 1.2 summarizes the most restricting frequency-voltage boundary for wind farm 
operation defined by several grid codes. For the purpose of frequency regulation and energy 
discarding, wind farms are required to adjust their active power output in accordance with the 
requests from the TSO or the deviations of the system frequency. For different purposes, various 
control strategies could be implemented, for example, absolute power limitation, power balance 
control, power rate limitation control and delta control as shown in Figure 1.3 [7]. The reactive 
power control requirement aims to maintain the voltage level at the point of common coupling 
(PCC) during voltage fluctuations by injecting / absorbing reactive power. The amount of the 
reactive power compensation and the effects mainly depends on power system configurations and 
the grid short-circuit capacity etc. The reactive power requirements of different grid codes are 
presented in Figure 1.4 by P-Q diagram.  
 
Figure 1.4 Reactive power requirements of different grid codes. 
Low voltage ride through (LVRT) is a requirement for wind farms to remain connected during 
grid disturbances and low grid voltages.  The disconnection of a large amount of wind generation 
can lead to larger voltage depression and eventually voltage collapse in the affected area, and can 
also aggravate the power supply-demand imbalance and thus the frequency deviation [8], [9]. 
Therefore, the LVRT capability is increasingly essential for networks with a high share of wind 
power generation to maintain stable operation while faults occurring. Figure 1.5 shows the LVRT 
requirements of Denmark, Germany and Ireland, in which the wind farm need to stay connected to 
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the grid at voltages above the borderline. To support the grid voltage, some grid codes further 
require wind farms to provide reactive current injection in line with the absolute deviation of the 
voltage during voltage dips. And if necessary, the active power even can be sacrificed to meet the 
reactive current output requirement. For instance, E.ON grid code specifies that the generating 
plants must provide reactive current injection of at least 2% of the rated current for each per cent of 
the voltage dip [14]. If necessary, 100% of the rated current must be available for reactive current 
output.  
 
Figure 1.5 LVRT requirements of Denmark, Germany and Ireland. 
1.2.3 Grid connection of offshore wind farms 
To feed large-scale offshore wind generation into onshore grid, either high voltage alternating 
current (HVAC) or high voltage direct current (HVDC) transmission systems are applicable. 
However, for wind farms close to shore, HVAC connection is generally used owing to its simple, 
economic and mature technology. When it is related to remotely located large-size offshore wind 
farms, the excessive charging current and capacity limits of HVAC cables make this option off the 
table, whereas HVDC system becomes a better solution because of its full control of power flow, 
interconnection of asynchronous grids, no cable charging current, lower cable power loss and 
higher transmission capacity [7], [15]-[18].  
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The HVDC technology can be further categorized into conventional line-commuted converter 
based HVDC (LCC-HVDC) using thyristors and voltage source converter (VSC)-based HVDC 
(VSC-HVDC) using IGBTs.   The LCC-HVDC has been in commercial applications for more than 
half century with respectful reliability and availability. It offers higher voltage level and 
transmission capacity compared to VSC-HVDC. However, the requirement for a strong offshore 
network for commutation as well as the need for comparatively large offshore substation converter 
stations limit the LCC-HVDC implementations in offshore wind industry [7]. Moreover, the 
foreseeable construction of a super grid system based on multi-terminal HVDC also reduces the 
likelihood of utilization of LCC-HVDC technology offshore [1].  
In comparison, VSC-HVDC link is self-commutated which means it does not require a strong 
external network. The converter stations are relatively compact at it needs less number of filters. It 
also provides advantages such as independent reactive and active power control, black start capacity, 
fast and reversible power flow control, and contribution to power system stability [7], [17], [18]. 
The above beneficial characteristics make VSC-HVDC more attractive and feasible for integration 
of remote-located large-scale offshore wind farms.  
1.3 Research objectives  
With the increasing penetration of wind energy, grid integration of offshore wind farms exerts 
significant impact on the system operation and stability, and raises a series of technical challenges 
as mentioned in the previous sections. Therefore, the overall objective of this research project is to 
analyse the impact and technical issues that are related to the expected increased offshore wind 
integration on power systems, and probe out potential solutions for improving the system dynamic 
stability.  
To fulfil the research objectives, four different tasks are conducted as follows: 
1) To study the impact on the system stability of integrating a large offshore wind farm via 
VSC-HVDC connection with regard to steady-state voltage stability, dynamic voltage 
stability and transient angle stability; 
2) To develop a method to design the capacity of onshore VSC to enable VSC-HVDC with 
given control strategy to provide enough support for the improvement of system voltage 
stability after a grid disturbance; 
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3) To develop a coordinated frequency regulation strategy to enable VSC-HVDC to provide 
frequency regulation together with frequency support from offshore wind farms to 
enhance the system frequency response; 
4) To develop a new power management strategy to enable the battery energy storage 
system  (BESS) to provide reliable and essential frequency reserve on the basis of wind 
power fluctuation mitigation. 
1.4 Scopes and limitations 
The scopes and limitations of this research are as follows:  
1) The system modelling and simulations are implemented in DIgSILENT/PowerFactory 
platform. Time domain simulations are based on Root Mean Square (RMS) values 
(Electromechanical Transients). EMT (Electromagnetic Transients) is not considered in 
the simulations.  The network representation uses balanced components and only 
balanced contingencies are studied in this project.  
2) The voltage-sources converter model used in this research is represented by the built-in 
PWM Converter model of DIgSILENT based on controlled voltage source instead of 
detailed model.  
3) Only symmetrical faults occurred in the onshore power grid have been implemented and 
analysed in this research project. Disturbances in the offshore wind farm internal 
interconnection grid and faults on the HVDC DC link are not considered.  
4) The offshore wind farm with a large number of the wind turbines is represented by one 
re-scaled wind turbine model.  During the simulations within 30s, the wind speed is 
assumed to be invariant.  
1.5 Dissertation organization 
This dissertation is divided into seven chapters and the summary of each chapter is presented as 
follows: 
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Chapter 1: Introduction 
This chapter provides an overview of the development of wind energy and the challenges and 
issues that are related to the integration of large-scale wind power into power systems, especially 
the offshore wind. The power system requirements for wind power are then summarized and 
motivate the conduction of this research. The research objectives and limitations are also pinpointed 
in this chapter.    
Chapter 2: Modelling and control of full converter wind turbine and VSC-HVDC  
This chapter provides a brief description of wind turbine concepts at first. Next, the detailed 
modelling of the full-converter wind turbine and VSC-HVDC transmission system are presented 
and their basic control and operation are also introduced.  
Chapter 3: Impact of VSC-HVDC-based integration of offshore wind farms on power 
system stability 
This chapter investigates the impacts of integrating a large-scale offshore wind farm into the 
transmission system of a power grid through VSC-HVDC connection. The concerns are focused on 
steady-state voltage stability, dynamic voltage stability and transient angle stability with different 
penetration levels of wind power.  
Chapter 4: Enhancement of voltage support capability of VSC-HVDC for offshore wind 
applications using trajectory sensitivity analysis 
In this chapter, for the studied voltage support strategies of VSC-HVDC, a trajectory sensitivity 
analysis (TSA)-based approach is proposed to identify the minimum onshore VSC capacity with 
which VSC-HVDC can provide enough support for stabilizing the grid voltage following a grid 
disturbance. The proposed TSA-based method implements a two-stage approximation strategy to 
improve the accuracy of the linear approximation. Both reactive power-based and voltage-based 
trajectory sensitivities are used to verify the effectiveness of the proposed method.  
Chapter 5: Coordinated frequency regulation by offshore wind farm and VSC-HVDC  
This chapter details a coordinated control scheme that not only reduces the responding latency of 
offshore wind farms effectively, but also allows VSC-HVDC to contribute to system frequency 
regulation by adjusting its DC-link voltage.  By means of this approach, the DC capacitor banks of 
VSC-HVDC are controlled to absorb or release energy so as to provide frequency support. To 
further enhance the system frequency response, the frequency support from VSC-HVDC is also 
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finely coordinated with that from offshore wind farm according to the latency of offshore wind farm 
responding to onshore grid frequency excursion. Simulation studies for under- and over-frequency 
event are carried out to verify the proposed control scheme. 
Chapter 6: Application of battery energy storage system to enhance frequency response of 
power system with high wind power penetration 
In this chapter, a PWM converter-interfaced BESS is applied to the power system integrated 
with a large offshore wind farm via VSC-HVDC link. The BESS is used to provide primary 
frequency control in cooperation with wind power fluctuation mitigation. A new converter rating 
evaluation approach as well as a new power management strategy is proposed to enable the BESS 
to enhance the system frequency response on the basis of wind power fluctuation mitigation.  Case 
studies are conducted with respect to various charging and discharging state of the BESS to verify 
the effectiveness of the proposed approaches. 
Chapter 7: Conclusions and future work 
This chapter draws the main conclusions of this research project and discusses the topics of 
future work.  
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Chapter 2 
Modelling and Control of Full Converter Wind Turbine and VSC-
HVDC Transmission System 
The booming of renewable energy industry has promoted the development of technologies 
significantly. Though wind energy technology is relatively mature, grid integration of large-scale 
offshore wind farms still raises new requirements and challenges. This chapter gives an overview of 
different wind turbine concepts first. Then, the model and control of the wind turbine with full 
converter and VSC-HVDC transmission system that are applied in this research project are 
described.    
2.1 Wind turbine concepts 
The continuous attempts and efforts to make wind power as mainstream power generation are 
driving the evolvement of wind turbines since the early 1990s. Though a variety of wind turbine 
concepts have been proposed and under test, there are mainly four types of wind turbine that 
predominate today’s global market. These four wind turbine concepts are all based on horizontal 
axis, three blades and upwind turbine structures, but can be distinguished by their generator types 
and power control strategies. They are explained in the following. 
2.1.1 Type A: Fixed speed wind turbine  
Fixed speed wind turbine (FSWT), which is also recognized as Danish concept, has been 
introduced and widely used in the early 1990s. As can be seen from Figure 2.1, a fixed speed wind 
turbine is based on a squirrel cage induction generator (SCIG), its high-speed rotor is coupled with 
the low-speed turbine rotor via a gearbox and its stator is directly connected to the power grid 
through a step-up transformer. The electronic soft starter is used to provide a smoother grid 
connection. Since the induction generator is not capable of controlling reactive power, a shunt 
capacitor bank is used for reactive power compensation to reduce voltage fluctuation at the point of 
connection.  
This type of wind turbines has simple structure and robust components, and is relatively low-cost. 
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However, due to the fixed rotation speed of SCIG, the wind fluctuations are directly converted into 
mechanical fluctuations and consequently into electrical power fluctuations [1]. Thus, the main 
drawbacks of the fixed speed wind turbine are that its output has significant fluctuations and its 
components have to tolerate excessive mechanical stress.  
 
Figure 2.1 Fixed speed wind turbine configuration. 
2.1.2 Type B: Limited variable speed wind turbine 
This type of wind turbines is equipped with a wound rotor induction generator (WRIG) that is 
directly connected to the power grid. The gear box, soft starter and shunt capacitor banks in this 
type play the same roles as in a fixed speed wind turbine. The distinct characteristic is that it has a 
power electronics controlled variable rotor electrical resistor that enables slip control and allows 
both the rotor and the generator to vary their speed, typically up to 10%, during wind gusts. 
Moreover, an active blade pitch control system is also equipped to wind turbines of this type.  
 
Figure 2.2 Limited variable speed wind turbine configuration. 
Compared to Type A wind turbine, a limited variable speed wind turbine is slightly 
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aerodynamically more efficient and has better power quality and lower drive-train mechanical 
loading. However, it is still not the preferred choice for nowadays large-scale offshore wind farms.  
2.1.3 Type C: Variable speed wind turbine with double-fed induction generator 
The configuration of the variable speed pitch-controlled wind turbine with a double-fed 
induction generator (DFIG) is shown in Figure 2.3. The stator of the DFIG is directly connected to 
the power grid, whereas the DFIG’s rotor circuit is connected to the grid through a partial-scale 
back-to-back voltage source converter system. The converter system is usually rated at 30% of the 
nominal generator rating. Besides providing reactive power compensation and smoothing grid 
connection, the partial-scale converter system enables a wide range of variable speed operation 
(normally ±30% of the synchronous speed) by varying the slip. 
 
Figure 2.3 DFIG-based wind turbine configuration. 
This concept is aerodynamically more efficient and has lower drive-train mechanical stress and 
power fluctuations. The smaller converter also makes it more cost-efficient. Thus, DFIG-based 
wind turbine is the most popular system in the current market. However, it needs special rotor 
current protection system and the use of slip rings reduces its reliability. 
2.1.4 Type D: Variable speed wind turbine with full power converter 
In this concept (see Figure 2.4), various types of generators can be used: wound rotor 
synchronous generator (WRSG), WRIG and permanent magnet synchronous generator (PMSG). 
When a low speed multipole SG is used, the turbine rotor can be interfaced to the SG directly 
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instead of via a gear box. It is clear from Figure 2.4 that the generator is connected to the power grid 
through a full-scale back-to-back power electronic converter system. The converter system 
decouples the generator from the power grid and thus enables a full range of variable speed 
operation.  
 
Figure 2.4 Full converter wind turbine configuration. 
Compared to Type C wind turbine, full converter wind turbines (FCWT) have better 
controllability and grid support capability owing to its larger converter system. 
2.2 Full converter wind turbine modeling 
The spacious sea and higher winds allow offshore wind turbines to be bigger to capture more 
energy. However, the harsh environment out at the sea also requires that offshore wind turbines 
must be easy to be assembled and maintained and have higher reliability and performance compared 
with inland wind turbines. Thus, according to the above summary of wind turbine concepts, it is 
apparent that the direct-drive variable speed wind turbines with full converter (FCWT) are 
relatively the most suitable concept for offshore wind applications. Figure 2.5 presents a 
demonstrative diagram of the wind turbine model used in this research project. 
Since the work in this dissertation focuses on the system stability studies concerning the impact 
of large offshore wind farm on the power system, the offshore wind farm is represented by one 
equivalent wind turbine with re-scaled power capacity based on aggregation technique [2] – [4]. 
Therefore, only the detailed modelling of single FCWT is presented here and the modelling of large 
offshore wind farm is not introduced in this work.   
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Figure 2.5 Block diagram of the wind turbine model. 
2.2.1 Aerodynamic model 
The wind turbine system extracts kinetic energy from the wind and converts it to mechanical 
power to drive the generator. The aerodynamic model of a wind turbine is based on the 
aerodynamic equation given by [5], [6]: 
2 31 ( , )
2M w p
P R v c                                                       (2.1) 
where PM is the mechanical power extracted from the wind; ρ is the air density; R is the rotor radius; 
vw is the wind speed; cp is the aerodynamic power coefficient which depend on the pitch angle θ and 
the tip speed ratio λ.  
The tip speed ratio is the ratio between the rational speed of the tip of a blade and the actual 
velocity of the wind. It depends on R, vw and the wind turbine rotational speed ωt, as:  
.t
w
R
v
                                                              (2.2) 
For given values of θ, the relationship of cp and λ can be illustrated by cp – λ curves as shown in 
Figure 2.6, which is based on measurement data and modelled as a look-up table as shown in Table 
2.1 in this project. Since it is not realistic to list all the cp corresponding to all θ – λ pairs, Table 2.1 
lists part of the θ – λ – cp relationship. The rest is calculated using the DIgSILENT built-in function 
‘sapprox2(xl, xc, matrix_i)’.  This function returns the spline approximation y=f(xl, xc) of a two-
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dimensional array, where f is defined by the matrix_i, xl represents the line value of the matrix and 
xc represents the column value of the matrix.  Therefore , we can get  
2( , , _ )pc sapprox matrix i        (2.3)  
where matrix_i is defined by Table 2.1.  
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Figure 2.6 cp-λ curves for given pitch angles 
TABLE 2.1  
θ – λ – cp relationship 
0 2 4 6 8 10 
0 0 0.05 0.3 0.45 0.35 0.3 
5 0 0.06 0.25 0.33 0.32 0.28 
10 0 0.08 0.25 0.28 0.22 0.12 
15 0 0.1 0.22 0.3 0.11 -0.05 
25 0.01 0.12 0.12 -0.05 -0.2 -0.5 
 
Apparently, over a wide range of wind speeds, the wind turbine achieves the maximum 
aerodynamic efficiency if the cp is the maximum for a given pitch angle according to Equation 2.1. 
cp 
λ 
θ 
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Thus, for a variable speed wind turbine, the maximum aerodynamic efficiency is obtained by 
controlling its turbine rotational speed to keep the tip speed ratio constant at a predefined value that 
corresponds to the maximum power coefficient over the range of operational wind speeds [1].  
2.2.2 Mechanical model 
A two-mass drive train model has been implemented in this project, in which a relative larger 
mass corresponds to the turbine rotor inertia and a relatively smaller mass corresponds to the 
generator inertia. The two-mass shaft model not only allows turbine and generator inertias to be 
represented separately, along with shaft stiffness and damping [7], but also provides enough 
accuracies of wind turbine’s response during grid faults for power system stability studies [8].  
The mechanical model of the two-mass shaft can be expressed by [5]-[7], [9]:  
t
t t sh
dJ T T
dt
          (2.4) 
g
g sh e
d
J T T
dt
         (2.5) 
sh sh sh
dT D K
dt
  
     (2.6) 
                   
t g
d
dt
   
                                                                     (2.7) 
where Jt is the wind turbine rotor inertia; Jg is the generator inertia; Tt is the wind turbine rotor 
torque; Tsh is the shaft toqure; Te is the generator torque; ωt is the wind turbine rotor speed; ωg is the 
generator rotor speed; θ is the shaft twist angle; Ksh is the shaft stiffness; Dsh is the damping 
coefficient of the shaft. 
2.2.3 Pitch angle control 
In variable speed wind turbine generation systems, the pitch angle control is used to: a) optimize 
the power generation of wind turbines at low and medium wind; b) prevent the mechanical power 
from exceeding the rated power when the wind is above the rated speed; c) protect the turbine 
mechanical construction from overloading and risks of damages [6].   
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Generally, when the wind is below the rated speed, the variable speed wind turbine is required to 
operate at its maximum efficiency, namely to extract as much power as possible from the wind. As 
mentioned in the aerodynamic model, to achieve the maximum PM, the cp must have the maximum 
value and thus the pitch angle control is to keep the pitch angle at its optimum value in the wind 
turbine variable speed operations to have the maximum cp. When the wind is above the rated speed, 
the pitch angle is controlled to increase to make the wind turbine operate at lower efficiency and 
shed excessive aerodynamic power. In consequence, the output power of the wind turbine is 
restricted to its rated power and the mechanical stress is reduced as well. A generic pitch angle 
controller is presented in Figure 2.7.  
1
servoT
1
s
refX
measX ref 
 
Figure 2.7 Generic pitch angle controller for variable speed wind turbines. 
The controlling parameter X could be: a) an electric value, e.g. the electric power Pe; b) a 
mechanical torque, e.g. the mechanical torque Tt or the generator rotor speed ωg; c) a combination 
of electrical and mechanical values [6]. The servo time constant Tservo corresponds to the 
servomechanism that adjusts the pitch angle to its reference. Both the pitch angle range and its rate 
of change are limited.  
2.2.4 Power Converter model and control 
DIgSILENT provides standardized built-in model for PWM converters. Based on a fundamental 
frequency approach, the model is self-commutated and voltage sourced, and is appropriate and 
sufficient for power system stability studies [10]. Therefore, the back-to-back voltage source 
converter system for the wind turbine has been developed based on this fundamental frequency 
model. Moreover, since the sub-transient  process inside the converter are not concerned, the VSC 
converters have been modelled ideally by a DC-voltage controlled AC-voltage source conserving 
active power between AC- and DC- side [10]. 
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The back-to-back voltage converter system consists of a PWM rectifier (generator-side 
converter), an intermediate DC circuit and a PWM inverter (grid-side converter). Correspondingly, 
the converter control also represents two controllers: the generator-side converter controller and the 
grid-side converter controller. These two controllers are using vector controls, which allow 
decoupled active and reactive power control. Figure 2.8 illustrates the rotor oriented reference 
frame (RRF) and the stator voltage oriented reference frame (SVRF), in which E is the internal 
voltage induced by the permanent magnet field; Ld is the d-axis component of the stator inductance 
and δ is the load angle.  
SVRFd
SVRFq
RRFq
RRFd
si
sUg d sj L i
g PMj E  

PM
 
Figure 2.8 Illustration of RRF and SVRF. 
Different control strategies can be applied to the frequency converters and in [5], [9] and [11], 
three control strategies, which are commonly used for the PMSG-based wind turbine, are described 
and compared: 
a) Maximum torque control. This control uses the RRF that is aligned with its d-axis to the 
permanent magnet flux vector ΨPM. In this reference frame, the stator current can be 
controlled to only have the q-axis component isq (isd = 0). Thus,  the maximum electrical 
torque Te of the generator can be determined by the q-axis current only as: 
3
2e PM sq
T p i  .      (2.7) 
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The active and reactive power of the generator can then be expressed as: 
3
2g sq sq
P u i      (2.8) 
3
2g sd sq
Q u i  .     (2.9) 
This control strategy uses the total stator current for producing the electrical torque to 
achieve optimal utilization of the generator. However, since the converter must also meet 
the reactive power demand of the generator as given by equation (2.9), a larger converter 
rating is needed.  
The grid-side converter maintains a constant DC-link voltage to make sure maximum 
active power transmission through the DC-link. It also controls the reactive power 
supplied to the grid. 
b) Constant stator voltage control of the generator. This control uses the SVRF which is 
aligned with its d-axis to the generator stator voltage Us. This means that the stator 
voltage is controlled to only have the d-axis component. Thus, the active and reactive 
power of the generator can be expressed as: 
3
2g sd sd
P u i            (2.10) 
3
2g sd sq
Q u i  .           (2.11) 
It can be seen that the active and reactive power of the generator are determined by the d-
axis and q-axis component of the stator current respectively. This control strategy ensures 
that the generator and generator-side converter always operate at rated voltage and thus 
the converter has a constant ratio between its DC voltage and AC voltage. In consequent, 
the converter can avoid overvoltage and saturation at high generator speeds. However, 
the demand of reactive power of the generator increases the converter rating.  
The grid-side converter controls the reactive power to the grid and DC-link voltage as the 
previous control strategy.  
c) Unity power factor control. It aims to operate the generator with unity power factor and 
to control its active power output in accordance with the MPPT. To achieve this, the d-
axis component of the stator current in RRF can be used to compensate the reactive 
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power demand of the generator. Thus, the active power of the generator depends on the 
q-axis component of the stator current in RRF as: 
3
2g g e g PM sq
P T p i      .           (2.12) 
And the reactive power of the generator is controlled to Zero. In this control strategy, the 
converter doesn’t need to provide reactive power for the generator, which minimizes the 
converter rating.  
In this control, the grid-side converter controls the reactive power to the grid and DC-link 
voltage as the previous control strategy.  
A. Control of the generator-side converter 
In this project, the constant stator voltage control strategy is chosen for the generator-side 
converter. Thus, as above mentioned, the generator-side converter aims to control the active power 
output of the generator and keeps the stator voltage constant. The generic control scheme of the 
generator-side converter is shown in Figure 2.9.  
*
gP
gP
g *di
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mdP
*
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sv
*
qi
qi
mqP
 
Figure 2.9 Generic control of the generator-side converter. 
As can be seen, each control loop uses a cascaded control structure. The fast inner current 
control regulates the converter AC current (id & iq). The slow outer loop of d-axis controls the 
generator active power generation. The maximum power tracking (MPT) is used to produce the 
power reference Pg* in terms of the generator speed, which guarantees that the generator operates at 
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its highest efficiency.  Instead of controlling the active power, the generator-side converter can also 
be implemented to control the torque or generator speed through the d-axis current [12]. The slow 
outer loop of q-axis controls the generator stator voltage to its rated value vs* by regulating the 
reactive power of the generator-side converter. The Pmd and Pmq in Figure 2.9 represent the pulse-
width modulation index of d- and q-axis respectively.  
B. Control of the grid-side converter 
A steady DC voltage ensures all active power of the generator to be transmitted to the grid 
regardless of the converter loss. Therefore, the grid-side converter aims to maintain a constant DC 
voltage and control the reactive power exchange with the grid in a grid voltage oriented reference 
frame. The generic control of the grid-side converter is presented in Figure 2.10.  
The control also employs a cascaded control structure as does the generator-side converter 
control. The grid-side converter controls the DC voltage to its rated value vdc* through d-axis 
current and the reactive power output through q-axis current. The reactive power reference Qgrid* 
can be set to zero to enable a unity power factor power transmission or to be a reference value that 
is imposed by the TSO. Alternatively, the q-axis control loop can also be used to control the grid 
voltage.  
Grid
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Figure 2.10 Generic control of grid-side converter. 
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2.3 VSC-HVDC modeling 
2.3.1 Overall structure 
In this project, a bipolar VSC-HVDC transmission system with a ±150kV DC link has been used 
to connect the offshore wind farm to the onshore power grid. The schematic single line diagram and 
the actual layout designed in DIgSILENT are shown in Figure 2.11. Similar to the converter model 
used in the wind turbine with full converter, the offshore and onshore converters of VSC-HVDC 
have been using the built-in fundamental frequency converter model in DIgSILENT. To calculate 
load flow and study power system stabilities, this model is not only valid for two-level converters 
but also for three-level or multi-level converters [10]. 
 
Offshore 
VSC
Offshore network
±150kVChopper 
Resistor
Onshore network
Onshore 
VSC
                             
                                (a)                                                                (b) 
Figure 2.11 VSC-HVDC system: (a) Single line diagram; (b) Layout in DIgSILENT. 
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2.3.2 Control system 
Voltage source converters have a four-quadrant operation in the d-q plane and decoupled control 
for active and reactive power [9]. That provides the VSC-HVDC transmission with the capability of 
fast and bidirectional active power flow control and the capability of absorbing or delivering 
reactive power to the connected network. This flexible controllability of active and reactive power 
is beneficial to improve the power system stability.   
In general, the control of the VSC-HVDC is also based on the cascaded control structure that 
consists of a slow outer control loop and a fast inner current control loop. Various electrical 
variables can be used as the control objectives of the converters. However, under normal conditions, 
one of the converters must be used to maintain a constant DC link voltage to keep a balanced active 
power flow along the DC link. Fluctuations on the DC link voltage represents that the power that 
flows into the VSC-HVDC is not equal to the power that flows out of the VSC-HVDC without 
regard to the losses.  
A. Offshore VSC control 
*
wfv
*i
i
mP
wfv
0F
 
Figure 2.12 Control of offshore VSC. 
While linked with the offshore wind farm with FCWTs, the offshore VSC is responsible for 
collecting the active power generated by the FCWTs and providing constant voltage and frequency 
for the offshore wind farm network as a reference machine during normal operations [13], [14].  
Since the offshore VSC is not required to control the power flow, a simple control method is 
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adopted to keep the voltage magnitude at a desired value and the frequency is directly regulated 
without using a feedback loop. Without identifying whether the power is active or reactive, the 
control strategy allows the offshore VSC to transmit the offshore wind farm power generation 
automatically [15].  However, the converter may be overcurrent during offshore grid disturbances 
as there is no current control [14]. The control scheme is presented in Fig. 2.12, in which i is the 
measured offshore VSC current, and Pm and F0 stand for the PWM index magnitude and the 
frequency input to the offshore-VSC respectively. 
B. Onshore VSC control 
The primary responsibility of the onshore VSC is to deliver the active power transmitted from 
the offshore VSC into the onshore power grid. The control of the onshore VSC uses the grid voltage 
oriented reference frame which is aligned with its d-axis to the grid voltage. In consequence, the 
decoupled active and reactive power control is achieved, in which the active power is controlled by 
the d-axis component of the converter current and the reactive power is controlled by the q-axis 
component of the converter current as [16]:  
3 3
2 2
d q
d q
q d
v vP
i i
v vQ
               
.                                             (2.11) 
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Figure 2.13 Control of onshore VSC. 
As aforementioned, the DC link voltage must be maintained to guarantee the active power 
transmission balance between the offshore and onshore converters. The onshore VSC is, therefore, 
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used to control the DC link voltage and either the reactive power infeed or the grid voltage 
magnitude at the connection point. Figure 2.13 shows the onshore VSC control scheme with 
cascaded PI control loops.  
2.4 Summary 
In this chapter, the popular used wind turbine concepts have been introduced briefly. Compared 
with other wind turbine concepts, the full converter wind turbine concept appears to be more 
suitable for offshore wind applications. For transmitting the great amount of energy generation of 
remotely located large offshore wind farms, the selection of transmission system is prone to VSC-
HVDC. Hence, the modelling of FCWT and VSC-HVDC has also been described in detail as well 
as their basic control principles. The FCWT-based offshore wind farm and VSC-HVDC are then 
used for further studies in this project.  Appendix A presents the converter control frames of VSC-
HVDC and FCWT.  
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Chapter 3 
Impact of VSC-HVDC based Offshore Wind Farm Integration on 
Power System Stability 
A large offshore wind farm normally has a capacity of hundreds of MW. The long distance to 
shore of large offshore wind farms makes it more realistic and effective to use VSC-HVDC 
transmission instead of HVAC.  This chapter presents the impact of VSC-HVDC based large-scale 
offshore wind farm integration on power system stability. First, the voltage support control of VSC-
HVDC during voltage dips is described. Then, the stability issues of the studied system with offshore 
wind farm integration via VSC-HVDC are analysed regarding steady-state voltage stability, dynamic 
voltage stability and transient stability.    
3.1 Introduction 
Power system stability is the ability of an electric power system, for a given initial operating 
condition, to regain a state of operating equilibrium after being subjected to a physical disturbance, 
with most system variables bounded so that practically the entire system remains intact [1]. It is a 
complex problem that can be influenced by a wide range of factors and can be exhibited by different 
forms. On the basis of several essential considerations, the power system stability problem can be 
categorized into different classes as shown in Figure 3.1 [1], [2]:  
Traditional power systems rely on synchronous generators for supplying electrical power and the 
power systems stability is, therefore, mainly determined by these synchronous machines. However, 
wind energy conversion systems have dynamical characteristics quite different from conventional 
power generation units. With the increasing penetration of wind power and the integration of large-
scale wind farms, power systems will undoubtedly witness significant changes in their structures and 
operations since conventional power plants will be gradually withdrawn from operation. 
Accordingly, detailed analysis of the impact of wind power on power system stability becomes 
substantial necessary and critical. Numerous studies have been carried out on power system stability 
with regard to wind power integration, e.g. [3]-[9]. Most of these studies were dealing with SCIG- or 
DFIG- based wind farms connected to the power grid via HVAC links.  
Grid Integration of Offshore Wind Farms via VSC-HVDC – Dynamic Stability Study 
34 
 
Power System Stability
Rotor Angle 
Stability
Frequency 
Stability
Voltage 
Stability
Small Signal 
Stability
Transient 
Stability
Large-
disturbance 
Voltage 
Stability
Small-
disturbance 
Voltage 
Stability
Ability to remain in operating equilibrium
Equilibrium between opposing forces
Ability to maintain synchronism
Torque balance of synchronous machines
Ability to maintain steady accepting frequency
Balance between generation and load
Ability to maintain steady accepting voltage
Reactive power balance
(Short term) (Short / long term) (Short / long term)
 
Figure 3.1 Classification of power system stability [1], [2]. 
By means of the advantages mentioned in Chapter 1 and 2, VSC-HVDC transmission becomes 
the primary choice for connecting large-scale offshore wind farms over long distances. Furthermore, 
its fast independent control for active and reactive power can also be utilized to support the 
interconnected grid during stressed conditions. In [10], the benefits of VSC-HVDC for power system 
stability were presented regarding to voltage stability and transient stability in three different grid 
configurations: a) series connection of the VSC converter and the AC-system; b) parallel connection 
of the VSC link and the AC-system and c) asynchronous infeed from the VSC converter into the 
AC-system. Based on a winter peak load Irish transmission network, it has been concluded in [11] 
that VSC-HVDC can efficiently protect the FCWT-based offshore wind farm from the onshore grid 
fault and provide fault ride-through (FRT) for the wind farm compared to the HVAC connection. 
The transient stability of PMSG-based offshore wind farm was analyzed in [12] based on HVAC and 
VSC-HVDC transmission respectively. The offshore wind farm with VSC-HVDC was proved to be 
more robust during the given onshore grid fault. However, the impact on power system stability of 
large-scale offshore wind farm interconnected via VSC-HVDC has not been thoroughly investigated. 
Therefore, this chapter presents the impact of VSC-HVDC based large-scale offshore wind farm 
integration on power system voltage and transient stability. The voltage control of VSC-HVDC is 
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derived from E.ON grid code and the VSC-HVDC support to power system stability is also 
addressed.   
3.2 Voltage support control of VSC-HVDC 
Due to the decoupling of VSC-HVDC, the offshore wind farm cannot directly detect and respond 
to the onshore grid disturbances in time. Moreover, reactive current/power cannot be transmitted by 
DC links. Therefore, for the offshore wind farm connected to the AC grid via VSC-HVDC, the 
voltage support is basically provided by the onshore VSC of VSC-HVDC.  
3.2.1 Reactive current support requirement of E.ON grid code 
As aforementioned in Chapter 1, a generating unit is required to provide reactive current infeed of 
at least 2% of its rated current for each per cent of the voltage dip. Accordingly, the slope of the 
reactive current support line is equal to at least 2. Figure 3.2 illustrates the principle of voltage 
support during the grid faults according to E.ON code. The detailed information can be found in 
[13]. 
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Figure 3.2 Fundamental voltage support requirement during grid faults according to E.ON code [13]. 
3.2.2 VSC control strategy under fault conditions 
As depicted in Chapter 2, under normal conditions, the offshore VSC is responsible for collecting 
and transmitting the active power generated by the offshore wind farm, while maintaining the AC 
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voltage magnitude and frequency of the offshore network. At the same time, the onshore VSC is 
responsible for feeding the active power transmitted from the offshore VSC into the onshore power 
grid, while maintaining a constant DC link voltage of VSC-HVDC to guarantee the power balance 
between VSCs.  
During onshore grid faults, the voltage drop leads to the reduction of the power transmission 
capacity of VSC-HVDC. That means that the onshore VSC cannot inject all the received active 
power into the onshore grid. If no countermeasures are implemented, the power differences between 
offshore and onshore VSCs would cause a rapid increase in DC-link voltage since the DC 
capacitance is over-charged. To cope with this issue, there are generally two methods [14] - [16]: 
1) Fast reduction of the offshore wind farm output power. The objective using this method is 
gained by employing coordinated control strategies between the offshore wind farm and 
VSC-HVDC, e.g. [16], [17].    
2) DC chopper. The abnormal DC-link voltage activates the DC chopper to dissipate the 
excess energy that cannot be transmitted by the onshore VSC in a large resistor as in [14], 
[18]. 
The main advantage of the first method is that it can avoid the use of the chopper or reduce the 
chopper size so as to cut down the investment for additional equipment. However, it may introduce 
high mechanical stress for the wind turbine drive train and electrical stress for the converters. The 
communication delay and measurement sensitivity are also critical for some control strategies. By 
comparison, the DC chopper solution is very robust and easier to be implemented though it is 
expensive. The main advantage of the DC chopper solution is that the offshore wind farm is immune 
from the onshore grid voltage disturbances. The grid faults will hardly affect the operation speed and 
output power of the offshore wind turbine generators.  
To simplify the design, the DC chopper solution is used in this study. Therefore, the control of 
wind turbines and the offshore VSC remains the same as described in Chapter 2. The control of the 
onshore VSC must be modified to enable the onshore VSC to provide voltage support during grid 
voltage disturbances. The modified control based on E.ON grid code is shown in Figure 3.3.  
When the onshore grid voltage deviates out of the dead band (see Figure 3.2) due to faults, a 
simple P controller is activated instead of the PI controller functioning in normal operations.  It 
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enables the onshore VSC to make a fast response to the grid voltage deviations. The maximum 
reactive current output depends on the current limit of the onshore VSC. Besides, to meet the voltage 
support requirements of the grid code, the reactive current (q-axis component) has a higher priority 
than the active current (d-axis component) during grid faults. It means that if necessary, the onshore 
VSC would sacrifice its active power output to meet the needs of reactive current output. The 
relation of active and reactive current output in case of grid faults was defined in the Current Limiter 
and can be expressed as: 
2 2
max max
max
max max
d q
d
q
i i i
i i
i i i
 

  
,       (3.1) 
where id and iq are the active and reactive current respectively, idmax is the active current limit and imax 
is the current limit of the onshore VSC. The imax represents the maximum allowed current of the 
onshore VSC, which is 1.1 times of the rated current in this study. The voltage supportive reactive 
current during grid voltage drops is calculated according to:  
*
max max
( )q grid grid db
q
i m v v v
i i i
   
   ,                                             (3.2) 
where m is the slope of the reactive current support line, vgrid is the AC voltage at the onshore VSC in  
pu, v*grid  is the reference AC voltage at the onshore VSC in pu and vdb is the threshold of the 
deadband.  
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Figure 3.3 Modified control of onshore VSC for voltage support. 
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3.2.3 Control of DC chopper 
The DC chopper is installed at the DC-side of the onshore VSC and its control is independent of 
VSCs control. Therefore, a simple hysteresis function is used to control the DC chopper based on the 
DC-link voltage. The DC chopper is activated when the DC voltage reaches 1.1 pu, and it is 
deactivated when the DC voltage drops below 1.02 pu. The thermal capacity of the chopper resistor 
is not considered in this study.  As the highest steady DC overvoltage is controlled to be 1.1 pu, the 
chopper resistance is given by: 
* 2(1.1 )
P
dc
rated
vR  .     (3.3) 
3.3 Studied transmission system 
The transmission system used to carry out the studies is shown in Figure 3.4. This system model 
is originally derived from [19] and has been modified to suit the requirements of this study.  It 
consists of four conventional synchronous generators, in which G1 is an external grid equivalent 
with a large inertia. Several constant impedance loads are connected to different buses and the load 
center is at Bus9 together with shunt capacitor banks of 1500 Mvar. Shunt reactors are connected to 
Bus6 and Bus 5 for compensating the capacitive charging current of the 400 kV lines. The 
aggregated offshore wind farm with FCWT-based wind turbines is connected to the transmission 
system through the VSC-HVDC link at Bus11. As shown in Figure 3.4, the point of common 
coupling (PCC) is Bus11. More details of this transmission grid are given in Appendix B.  
3.4 System stability analysis 
3.4.1 Steady state voltage profile 
The steady state voltage profile is represented by P-V curve, which are drawn by increasing the 
offshore wind power injection but keeping the system loads constant. The power balance in grid is 
achieved by the reference generator G1, while the active power generations of G2-G4 are not 
changed. Here, two wind power injection modes are considered: 
1) Unity power factor wind power supply: Assume that the onshore VSC operates at unity power 
factor and only active power is delivered into the main grid.  
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2) Rated PCC voltage wind power supply: Assume that the onshore VSC has the capability to 
provide enough reactive power support to keep a rated PCC voltage while delivering wind power. 
 
Figure 3.4 Single line diagram of the test transmission system [19]. 
Figure 3.5 shows the P-V curves of PCC with unity power factor wind power supply and Bus10 
with rated PCC voltage wind power supply. It can be seen that the higher the wind penetration, the 
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lower the voltage of the selected buses. In this study, the wind power injection leads to the increase 
in loading of all the transmission lines except L3. Clearly, the loading of the lines close to the wind 
farm increases faster than the lines far from the wind farm. The increase in the active power 
transmission results in greater reactive power demand of the lines, especially when the line is 
overloaded. When the reactive power demand of the lines cannot be met, the voltage of the buses 
attached to the lines starts to drop as shown in Figure 3.5.  
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Figure 3.5 P-V curves of PCC with unity power factor wind power supply and Bus10 with rated PCC voltage 
wind power supply. 
Moreover, the wind power penetration limit (WPPL) is directly related to the reactive power 
support capability of the onshore VSC. In this study, the WPPL is defined as the maximum wind 
power injection with which the connection node voltage reaches 0.95 pu. In mode 2, the connection 
node is thought as Bus10 since the PCC voltage is always set constant. From Figure 3.5, we can see 
that the WPPL in mode 2 is almost doubled compared with that in mode 1.  
3.4.2 Dynamic voltage stability 
To investigate the dynamic behavior of grid voltages, a severe three-phase ground fault is 
simulated at 90% of the line L4-2 near Bus10 (see red lighting mark in Figure 3.4). This fault lasts 
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for 200ms and is cleared by tripping L4-2 without consideration of line reclosing. Two levels of 
wind power penetration are studied: 270MW and 450MW, and their corresponding VSC-HVDC 
rating are 300MVA and 500MVA respectively. Figure 3.6 shows the dynamic voltages of Bus10 and 
PCC at different penetration levels in the event of the given fault.  
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Figure 3.6 Dynamic voltages of Bus10 and PCC at different wind penetration levels: (a) Voltage magnitude of 
Bus10; (b) Voltage magnitude of PCC. 
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It can be seen from Figure 3.6 that under normal conditions, the voltages of PCC and Bus10 are a 
bit lower when the wind power is higher as described before. During the fault period, the voltage 
profile is on the contrary. The highest voltage is observed during the gird disturbance in the 
maximum wind power injection case, whereas the voltage is the lowest with no wind power 
penetration. These distinct voltage profiles are caused by the fact that the onshore VSC adopts a 
different control strategy during grid disturbances.  
In normal operations, the onshore VSC is controlled to transfer as much active power as it 
receives (within its rated capacity). However, when a grid fault is detected and the onshore VSC 
terminal voltage drops below the threshold value of the dead band, the control of the onshore VSC is 
changed to guarantee reactive power support with the reduction of active power output if necessary.   
The active and reactive power outputs of the onshore VSC are shown in Figure 3.7. It is clear that 
during the voltage dip, the reactive power output increases significantly together with the sharp 
decrease in active power output. As seen from Figure 3.7a, the active power output restores instant 
after the fault is cleared. The overshoots of the P curves are caused by the discharging of DC-link 
capacitance.   In Figure 3.7b, the sudden restored voltage of PCC leads to the overshoots of the Q 
curves at 1.2 s.  Obviously, a larger converter is able to provide a larger amount of reactive power 
and thus has better voltage support capability during grid faults as could be observed. 
3.4.3 Transient angle stability 
Transient angle stability here is characterized by critical clearing time (CCT), which is defined as 
maximal fault duration for which the system remains synchronous operation. It highly depends on 
system configuration and network parameters. Therefore, before analyzing the impact of wind 
integration on system transient angle stability, the steady-state operation of synchronous generators 
is firstly investigated at different wind penetration levels. 
We have already known that the increase in wind penetration would lead to a decrease in the 
connection node voltage as depicted in Figure 3.5. As a consequence, more reactive power is needed 
to compensate for this voltage drop and thus the synchronous generators in the grid will take this 
responsibility assuming that no more ancillary equipment is deployed for wind integration. Figure 
3.8 presents the loading and rotor angle of synchronous generators of the grid at different wind 
penetration levels. 
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Figure 3.7 Active and reactive power output of the onshore VSC: (a) Active power output; (b) Reactive power 
output. 
In the proposed power grid, G1 is set as the reference machine and the system loads are constant. 
So, the loading levels of G2, G3 and G4 climb slightly (Figure 3.8a) together with an obvious 
increase in their rotor angles (Figure 3.8b) while the wind penetration level gets higher, whereas 
G1’s loading declines as its active power generation is offseted by wind power. Clearly, G2 is the 
most vulnerable to lose synchronism since its loading is very high and rotor angle is the biggest. The 
loading of a synchronous generator is defined as: 
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where Pgen and Qgen are the active and reactive power generation respectively, and SN is the 
generator’s nominal apparent power. 
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Figure 3.8 Loading and rotor angle of synchronous generators in steady-state. 
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To calculate CCT, three-phase short circuit fault has been simulated at different individual lines 
and been cleared afterwards by tripping the faulted line. The simulation results are illustrated in 
Figure 3.9 for given fault locations and given wind integration levels. It is observed that the 
integration of wind power into the studied power grid via VSC-HVDC could result in enhanced or 
weakened transient angle stability depending on the fault locations. In all cases, G2 is always the 
first one who falls out of synchronism as expected.   
0
0.1
0.2
0.3
0.4
0.5
0.6
L1‐1 near
Bus6
L2‐1 near
Bus7
L3 near
Bus9
L4‐1 near
Bus10
CC
T (
s)
Fault location
0MW
270MW
450MW
 
Figure 3.9 Critical clearing time for different fault locations with increasing wind penetration. 
Due to a short electrical distance, the given fault at L2-1 near Bus7 causes instant and disastrous 
voltage drop on G2 terminal. Therefore, regardless of wind penetration levels, the CCT for this study 
scenario is the shortest and keeps almost fixed. For scenarios in which the given fault occurs at L1-1 
near Bus6 or at L3 near Bus 9, the system becomes less transient angle stable with higher wind 
penetration. The reason is that the wind power injection has changed the system power flow and 
assigned more loads on L1-1 and L1-2.  During given grid disturbances, low voltage on Bus6 or 
Bus9 makes L1-1 and L1-2 overloaded, causes shunt reactors and capacitor banks ineffective and 
thus deteriorates the transient angle stability. However, the wind integration exerts a positive impact 
on transient angle stability while the given fault happens at L4-1 near Bus10 due to the reactive 
power support capability of the onshore VSC as explained above. 
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3.5 Summary 
In this chapter, the impact of VSC-HVDC based large offshore wind farm integration on power 
system stability has been studied. In addition to steady-state voltage profile analysis, dynamic 
voltage stability and transient angle stability simulations have also been conducted at different wind 
penetration levels.  
Basically, the P-V curves indicate the impact of the increasing wind power injection on steady-
state voltages of the studied power system and the maximum wind power capacity that the given grid 
can bear. It can be drawn that the grid voltages experience a decrease with an increase in wind power 
in general, if no ancillary reactive power compensation equipment is provided. However, with rated 
PCC voltage wind power supply, the WPPL can be greatly enhanced compared to that with unity 
power factor wind power supply for the given power grid. It proves that the VSC-HVDC plays a 
very important role in wind power transfer owing to its reactive power support capability. 
The relation between wind power penetration and steady-state grid voltages could be also inferred 
in the dynamic voltage simulation. However, during grid disturbances, the bus voltage is higher with 
higher wind penetration.  It is due to the independent active and reactive power controllability of 
VSC-HVDC link, the proposed control strategy of the onshore VSC and the fact that higher wind 
injection brings higher rating converters that can provide more reactive power support. 
The analysis of transient angle stability is actually a case-by-case issue, which is strongly 
influenced by system configuration and network parameters. The wind power integration changes 
the system power flow, loading of generators and lines, generators’ rotor angles etc. For the studied 
transmission grid, the transient angle stability generally becomes worsen with higher wind 
penetration that results in higher loading of transmission lines (except L3). However, owing to the 
control strategy of VSC-HVDC during grid faults, the VSC-HVDC is able to limit its active power 
output and, at the same time, enhance its reactive current output when it detects grid voltage faults. 
Therefore, an improvement in transient angle stability has actually been achieved when the given 
fault occurs at the line close to PCC. 
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Chapter 4 
Enhancement of Voltage Support Capability of VSC-HVDC for 
Offshore Wind Applications Using Trajectory Sensitivity Analysis 
VSC-HVDC is characterized by independent active and reactive power control and hence is able 
to provide reactive power / voltage support during grid voltage disturbances. The voltage support 
capability of VSC-HVDC depends on both its VSC capacity and the control scheme. In this chapter, 
a TSA-based approximation is proposed as a method to identify the minimum onshore VSC capacity 
with which the VSC-HVDC is able to provide effective support for stabilizing the grid voltage 
following a grid disturbance. The proposed TSA-based method implements a two-stage 
approximation strategy to improve the accuracy of the linear approximation. Both reactive power-
based and voltage-based trajectory sensitivities are used to verify the effectiveness of the proposed 
method.  This proposed method avoids running large amount of repeated time-domain simulations.  
4.1 Introduction  
The integration of large-scale offshore wind farms could influence the power system operation 
and stability significantly. Power system voltage stability refers to the ability of a power system to 
maintain steady voltages at all buses in the system after being subjected to a disturbance from a give 
initial operating condition [1]. The main factor causing voltage instability is that the power system is 
unable to meet the reactive power demand during heavy load or by the occurrence of large 
disturbances [2], [3]. One of the widely used preventive measures to avoid voltage instability is the 
application of reactive power compensating devices, such as Static Synchronous Compensator 
(STATCOM), Static Var Compensator (SVC). The VSC-HVDC link is characterized by independent 
reactive and active power control and therefore is able to provide reactive current/voltage support 
and improve system voltage stability. 
For offshore wind farms integrated through VSC-HVDC link, the interaction of offshore wind 
farms and the onshore power system is mainly determined by the VSC-HVDC link itself. Therefore, 
during grid faults, the requirement for wind farms to ride through low grid voltage and to provide 
reactive current to support grid voltage during and after the faults is actually fulfilled by VSC-HVDC 
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link then. The capability of reactive current / voltage support of VSC-HVDC depends on both its 
control strategy and VSC capacity. A reliable combination of control strategy and VSC capacity 
could meet the fault ride-through requirement and maintain the post-fault grid dynamic voltage 
stability. This study proposes a trajectory sensitivity based method to design the onshore VSC 
capacity of VSC-HVDC with the fault ride-through control strategy based on E.ON grid code [4].    
Trajectory sensitivity analysis is a technique based on linearizing the system around a nominal 
trajectory [5]-[7]. It can effectively complement time domain simulation and provide valuable 
insights into the behavior of the dynamic system in accordance with the changes in parameters and 
operating conditions. TSA was originally used to cope with issues in control systems and parameter 
estimation [5], [9], and has also been successfully applied in analysis of power system dynamics in 
recent decades, such as parametric influences on system dynamics, parameter uncertainty, parameter 
estimation and stability assessment [10]. 
TSA was applied in [11] to investigate a real major disturbance of the Nordel power system. In 
[12], two techniques based on trajectory sensitivities were proposed to estimate critical values of 
parameters of interest in a power system. A trajectory sensitivity based control method was 
developed in [13], while various optimal preventive control strategies were determined in [14] by 
utilizing trajectory sensitivity method. The location of dynamic Var support in power systems were 
identified using trajectory sensitivities for improving transient stability in [15], [16] and for 
mitigating short-term voltage instability in [17]. The TSA technique was also employed to design 
robust PSS parameters to damp low frequency power oscillation and enhance the overall 
performance of both transient and small signal stability in [18]. 
In this study, VSC-HVDC transmission is used to link a large-scale offshore wind farm to the 
onshore power system. Following a severe grid fault, the effect of voltage support capability of VSC-
HVDC in improving short-term dynamic voltage stability is investigated. To satisfy the short-term 
voltage stability criteria during the post-fault period, a TSA-based two-stage approximation strategy 
is developed to identify the minimum onshore VSC capacity for the studied control approaches. The 
proposed two-stage design strategy improves the accuracy of the TSA-based linear approximation. 
Both reactive power-based and voltage-based trajectory sensitivities are used to verify the 
effectiveness of the proposed method.   
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4.2 Trajectory sensitivity analysis  
4.2.1 Theoretical basis  
Power systems are complex hybrid systems consisting of continuous time subsystems and event 
driven discrete subsystems. In general, a power system can be modelled by a set of differential-
algebraic equations (DAE) as [5], [9], [12]:  
( , , )x f x y  ,      (4.1) 
( , , ) ( , , ) 0
0
( , , ) ( , , ) 0
g x y s x y
g x y s x y
 
 


   
.    (4.2) 
where f represents the dynamics of the generator, load, HVDC and SVC etc.; g represents the 
instantaneous power flow in the system; x is the vector of dynamic state variables, e.g. generator 
rotor angles, velocities and fluxes; y is the vector of algebraic variables, e.g. voltage magnitudes and 
angles; λ is the vector of system parameters, e.g. line reactance, generator mechanical input power 
and HVDC capacities.  
In the above model, the differential equation represents the dynamics of the equipment and the 
algebraic equations represent the power transfer relationships between the buses of the transmission 
network. A switching occurs when the switch function s(x, y, λ) = 0 and causes discontinuity of the 
power system. This discontinuity can be ignored when only the post-fault dynamics of the power 
system are concerned. The dynamic model of a power system can then be expressed by: 
( , , )x f x y  ,      (4.3) 
0 ( , , )g x y  .      (4.4) 
The initial conditions for the state variables of equation (4.3) and the algebraic variables of equation 
(4.2) are given by: 
0 0( )x t x ,       (4.5) 
0 0( )y t y .       (4.6) 
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Accordingly, the trajectories of the variables starting from x0 and y0 can be defined as: 
           0( ) ( , , )xx t x t  ,       (4.7) 
0( ) ( , , )yy t y t  .       (4.8) 
The trajectory change Δx(t) and Δy(t) at time t to a given parameter variation Δλ is then obtained 
by forming the Taylor series expansions of equations (4.7) and (4.8) as: 
0
0
( , , )( ) ( , , ) xx
x tx t x t    
     + higher order terms,     (4.9) 
0
0
( , , )
( ) ( , , ) yy
y t
y t y t
   
     + higher order terms.  (4.10) 
Neglecting the higher order terms and using equations (4.7) and (4.8), we can get: 
0( , , ) ( )( ) ( )x x t x tx t x t
     
         ,    (4.11) 
0( , , ) ( )( ) ( )y
y t y ty t y t
     
         .    (4.12) 
The time-varying partial derivatives x and y are called trajectory sensitivities. They can be 
derived by differentiating equations (4.3) and (4.4) with respect to λ as the following: 
( ) ( ) ( ) ( ) ( ) ( )x y
f t x f t y f tx f t x f t y f t
x y     
              ,      (4.13) 
( ) ( ) ( )0 ( ) ( ) ( )x y
g t x g t y g t g t x g t y g t
x y     
              .  (4.14) 
Solving the two simultaneous equations (4.13) and (4.14), we obtain: 
1 1[ ( ) ( ) ( ) ( )] ( ) ( ) ( ) ( )x y x y y yx f t f t g t g t x f t g t g t f t             ,  (4.15) 
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( ) ( )
( )
x
y
g t x g ty
g t
 
  .     (4.16) 
The initial conditions for xλ and yλ are given by: 
(0) 0x  ,       (4.17) 
(0) (0) (0) (0)yy g y g    .    (4.18) 
Basically, implicit integration methods, e.g. trapezoidal integration, are used to solve the 
differential and algebraic equations, and obtain the system trajectory and sensitivities.  
Using equations (4.15) and (4.16) needs all the state variables and algebraic variables from the 
system and involves solving of differential and algebraic equations. In power systems, however, 
most of the state variables in equation (4.3) are hard to be measured. Alternatively, the trajectory 
sensitivities can also be calculated by a simple numerical approximation approach. Considering a 
small parameter perturbation Δλ over the nominal parameter λ, the sensitivities with respect to λ can 
then be given as:  
0 0( , , ) ( , , )x xx x x t x tx
    
  
         ,   (4.19) 
0 0( , , ) ( , , )y yy t y ty yy
    
  
        .   (4.20) 
As can be seen, the sensitivities at a given time t are computed by subtracting the perturbed and 
nominal trajectories that can be obtained from time domain simulations, and then by dividing the 
trajectory variations over the parameter perturbation Δλ. Compared with the direct calculation of the 
sensitivities using equations (4.15) and (4.16), this numerical approximation approach involves 
greater computation but is much easier to implement. 
4.2.2 Trajectory estimation 
In case that the trajectory sensitivities are known, the new values of the system variables for a 
small parameter perturbation can be linearly approximated based on the base case [6], [7], [12].  It is 
given by: 
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( ) ( ) ( )new basex t x t x t    .    (4.21) 
where xnew(t) is the approximated variable trajectory and xbase(t) is the base case variable trajectory.  
Consequently, the effect of parameter changes on the dynamic behavior of the system can be 
evaluated using (4.21) in agreement with trajectory sensitivities. However, if the parameter change is 
large, errors in the approximation given by high-order terms of the Taylor series will also be large 
and further evaluation of the approximation is necessary.  
In the case that the expected variable trajectory xexp(t) has already been determined, then the 
parameter perturbation Δλ is also able to be approximated according to:  
exp( ) ( )
( )
basex t x t
x t
   .     (4.22) 
4.3 Studied system  
The test power system presented in Figure 4.1 was originally derived from [19] and has been 
modified to meet the requirements of this study. It consists of three conventional power plants: one 
hydropower plant, one gas turbine plant and one coal-fired power plant. All synchronous generators 
are equipped with a turbine governor and an exciter. Load A, B and C are aggregated static loads and 
Load D is induction motor load. The total load capacity is 336MW.  
A large variable-speed wind turbine-based offshore wind farm is integrated into the grid via VSC-
HVDC on Bus 5. Therefore, Bus 5 is the PCC as shown in Figure 4.1. The rated capacity of the 
offshore wind farm is 135 MW and the base capacity of VSC-HVDC is 150 MVA. It means that 
wind power supplies about 40% of the grid’s load consumption. The offshore wind farm operates at 
rated wind speed for the duration of the simulating time. In the short-term voltage stability analysis, 
it is practical to assume a constant wind speed for the investigated period only lasts for a few 
seconds. The parameters of the VSC-HVDC transmission are listed in Table 4.1 and more details of 
this studies system can be found in Appendix C.  
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Figure 4.1 Single line diagram of the test power system. 
TABLE 4.1 
Parameters of VSC-HVDC transmission system 
Parameter Value 
VSC rated power Svsc 150 MVA 
VSC rated AC rms voltage Vvsc 150 kV 
VSC rated DC voltage Vdc ±150 kV 
DC capacitor Cdc 450 μF × 4 
Chopper resistance R 400 ohm × 2 
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4.4 Voltage support strategies of VSC-HVDC 
As described in the previous chapters, the offshore VSC sets reference frequency, voltage 
amplitude and phase angle for the offshore network. The onshore VSC manages the power flow to 
the onshore grid by controlling the DC-link voltage and the grid voltage amplitude. Explicitly, the 
voltage support of VSC-HVDC during grid disturbances is fulfilled by the onshore VSC. The control 
structure of the onshore VSC is shown in Figure 3.3 of Chapter 3. To guarantee balanced power flow 
and avoid overcharging of the DC-link capacitor during grid voltage drops, the DC chopper is 
applied to dissipate the excess power on the DC link. 
The voltage support control strategy used here is derived from E.ON Netz fault response code [4]. 
The details about the voltage support requirement of E.ON code can be found in Chapter 3.2.1. 
Modifications have been made as shown in Figure 4.2. The maximum reactive current is limited to 
the maximum current of the converter instead of the rated current as can be seen from equation (3.2). 
In base case, the slope of the reactive current support line is ‘m = 2’. Moreover, ‘m = 3’ and ‘m = 4’ 
are all evaluated as well. In the case of ‘m=3’, the reactive current support reaches its maximum 
when the voltage drops down to 0.67 pu without considering the dead band. Similarly, in case of 
‘m=4’, the maximum reactive current output is obtained when the voltage is below 0.75 pu without 
considering the dead band.  
max
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Figure 4.2 Modified E.ON code. 
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4.5 Simulation and discussion 
System modelling and simulations are based on power system analysis software DIgSILENT/ 
PowerFactory. The fault considered is a three-phase ground fault occurred at t = 1s on Line5 close to 
Bus 9. The fault lasts for 100 ms and is cleared by tripping Line5 between Bus 6 and Bus 9 without 
reclosing. The step size of time-domain simulations in this study is set to 1ms.  
4.5.1 Simulation of Voltage Disturbance 
Given the above fault and three different values of m, the voltage magnitude of Bus 5 (PCC) is 
shown in Figure 4.3a and the reactive power output of onshore VSC is presented in Figure 4.3b.  It 
can be seen that during the fault period, the reactive power output of the onshore VSC is larger for a 
bigger value of m, and thus the larger reactive power support results in a higher voltage of Bus 5. 
However, it is not the case after the fault is cleared.  At the time that the fault is cleared (1.1s), the 
voltage curves increase steeply to about 0.85 pu and then begins to drop gradually again. At around 
1.35s, the voltage curves hit the ground and grows steadily to 0.9 pu at around 1.55s. During the 
period of around 1.1s to 1.3s, the voltage curve with a bigger m has higher magnitude. From around 
1.3s to 1.55s, it is observed that the higher the m, the lower the voltage.  However, from Figure 4.3b, 
we can see that though the reactive power output curves fluctuate, the reactive power curve with a 
higher m has a higher value during the period of about 1.1s to 1.55s. The reason of this mismatch 
between the voltage and reactive power is that in a power system the voltage of a bus is determined 
by many factors, such as system structure and load characteristics etc.    
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Figure 4.3 System dynamics for the given fault in the case of different m with 150 MVA onshore VSC: (a) 
Voltage magnitude of Bus 5; (b) Reactive power output of onshore VSC. 
TABLE 4.2 
Data for local minimum points based on the base onshore VSC capacity 
m VSC S (MVA) 
Bus5 V 
(pu) 
VSC Q 
(MVar) Time (s) 
2 150 0.90 -6.7362 1.54 
3 150 0.90 -6.5536 1.55 
4 150 0.90 -5.0555 1.58 
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By comparison of Figure 4.3a and 4.3b, we can further notice that during the post-fault period, the 
voltage of Bus 5 restores to 0.9 pu in Figure 4.3a, when the corresponding reactive power output of 
the onshore VSC reaches the local minimum point in Figure 4.3b. The explanation for this 
phenomenon can be revealed from the way the onshore VSC provides the voltage support.  Table 4.2 
lists the onshore VSC rating, Bus5 voltage and reactive power output of onshore VSC and time 
instant corresponding to local minimum points for m=2, 3 and 4.  
As aforementioned in Chapter 3.2, when the onshore VSC terminal voltage is below the threshold 
voltage of the dead band (0.9 pu), the q-axis control switches from Normal state to Fault state and 
the fast P controller takes the place of the PI. The reactive current output of onshore VSC is then 
controlled to be proportional (m) to the absolute deviation from normal voltage operating range and 
to have a higher priority than active power output as presented by (3.1) and (3.2). Similarly, when 
the disturbed voltage restores to 0.9 pu, the q-axis control of the onshore VSC switches back from 
Fault state to Normal state and the active current output gets back the priority. Therefore, due to the 
control switching, we can expect that the reactive power output of the onshore VSC will experience a 
dramatic change when the voltage is across 0.9 pu in any direction as shown in Figure 4.3. If the 
voltage restores from a lower value to equal or more than 0.9 pu, the reactive power output of the 
onshore VSC may reduce to less than zero as can be deduced from equation (3.2).  
In this study, it is recognized as short-term voltage instability if the voltage magnitude is below 
0.9 pu for more than 500ms. It can be seen from Figure 4.3a that for all three values of  m,  the  
voltage  of  Bus 5  is  less  than  0.9 pu at t = 1.5s. Hence, it can be drawn that VSC-HVDC with the 
base capacity is unable to provide enough reactive power / voltage support to stabilize the PCC 
(Bus5) voltage by adopting the given values of m for the studied control strategies. 
4.5.2 Two-stage approximation based on TSA 
The objective of using trajectory sensitivities is to identify the minimum capacity of onshore VSC 
for the given m values to ascertain that the entire range of the voltage magnitude of Bus5 satisfies the 
above voltage stability criterion. For this purpose, two types of trajectory sensitivity are selected for 
each given m value. One is the sensitivity (SenQ(t)) of the change in reactive power output of onshore 
VSC to VSC capacity increment, and the other is the sensitivity (SenV(t)) of the change in Bus5 
voltage to the onshore VSC capacity increment. And the suitable VSC capacity is identified with 
each sensitivity index separately. Comparison studies are conducted afterwards.  
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The approach is based on equation (4.22). When the expected reactive power of the VSC and the 
expected Bus5 voltage are already known, the VSC capacity increment ΔS can then be approximated 
based on SenQ(t) or SenV(t) as: 
exp( ) ( )
( )
base
Q
Q
Q t Q t
S
Sen t
  .     (4.23) 
or 
exp( ) ( )
( )
base
V
V
V t V t
S
Sen t
  .     (4.24) 
To find the suitable VSC capacity with which the reactive power output of VSC could enhance 
the Bus5 voltage up to 0.9 pu at t=1.5 s, the reactive power listed in Table 4.1 is considered as the 
expected reactive power output of the VSC at t=1.5s following the grid fault. And it is obvious that 
the expected Bus5 voltage at t=1.5s is 0.9 pu. The design steps are depicted in Figure 4.4, in which X 
represents reactive power of onshore VSC or Bus5 voltage. The details associated with these steps 
are as follows: 
1) For m = 2, 3 and 4, perform time-domain simulations based on 150 MVA (base capacity) 
and 155MVA VSC respectively. 
2) Calculate sensitivities SenQ(t) and SenV(t) towards its capacity increase (5 MVA) at t=1.5s 
according to equation (4.19) and (4.20): 
155 (1.5 ) (1.5 )(1.5 )
155 150
MVA baseX s X sSen s   .   (4.25) 
3) Use the trajectory sensitivity information to approximate the VSC capacity increment ΔS 
by equation (4.23) and (4.24) with 
     exp
6.7362 ar, 2
(1.5 ) 6.5536 ar, 3
5.0555 ar, 4
MV m
Q s MV m
MV m
    
 and exp (1.5 ) 0.9V s pu . 
4) Get the new VSC capacity Snew. 
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155 (1.5 ) (1.5 )(1.5 )
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MVA baseX s X sSen s  
exp(1.5 ) (1.5 )
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baseX s X sS
Sen s
 
new baseS S S  
*( )new baseS S
* * *(1.5 ) (1.5 ) (1.5 )new baseSen s X s X s 
*
exp*
*
(1.5 ) (1.5 )
(1.5 )
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Sen s
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* * * *
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Figure 4.4  Flowchart for estimating the onshore VSC capacity. 
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5) Run time domain simulation with the VSC with Snew. The Snew is also the base capacity 
ܵ௕௔௦௘∗  for further trajectory sensitivity calculation, if necessary.  
6) If the Bus5 voltage at 1.5s is still lower than 0.9 pu, run time domain simulation with the 
VSC with Snew+1MVA.  
7) Calculate sensitivities SenQ(t) and SenV(t) towards the capacity increment  1MVA at 
t=1.5s. 
8) Use the new trajectory sensitivities to calculate the further VSC capacity increment ΔS*. 
9) Get the desirable VSC capacity ܵ௡௘௪∗  by  
* * * *
new base baseS S S S S S        .   (4.26) 
In step 2, the trajectory sensitivities are calculated on a relatively large capacity change (5MVA) 
and then the first approximation is obtained. This is considered as the first stage approximation in 
this study. If the result of the first approximation cannot satisfy the requirements, then the trajectory 
sensitivities are updated on a much small capacity change (1MVA) to improve the accuracy of the 
linear approximation as in step 7. Based on the new trajectory sensitivities, the second approximation 
is conducted to complete the design procedure. This is, of course, the second stage approximation.   
 
4.5.3 Results and analysis 
Table 4.3 present the SenQ(1.5s)-based design results for both stage including trajectory 
sensitivities at 1.5s, approximated capacity increments and the desirable capacities. The SenV(1.5s)-
based approximation results are listed in Table 4.4. It can be seen from Table 4.3-4.4 that it requires 
a bigger VSC capacity to satisfy the voltage stability criteria for a bigger value of m, but the capacity 
gap is very narrow.   
The results in these two tables are also compared in Figure 4.5. It can be seen from the bottom 
plot of Figure 4.5 that the SenQ(1.5s)-based approximations leads to a smaller VSC capacity than the 
SenV(1.5s)-based approximation. Though the difference is not significant, a bigger value of m results 
in a bigger difference. From the top plot of Figure 4.5, it can be observed that SenV(1.5s)-based first 
stage approximation gains almost the same results for all values of m, but it tends to yield more 
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conservative results compared to SenQ(1.5s)-based first stage approximation with the increase of m. 
The middle plot of Figure 4.5 shows that SenV(1.5s)-based second stage approximation gains larger 
VSC capacities than those of SenQ(1.5s)-based second stage approximation, and the bigger the value 
of m, the larger the approximation result.  
The short-term voltage stability of Bus5 with the desirable VSC capacities is verified by running 
time domain simulations. Figure 4.5 shows the simulation results with SenQ(1.5s)-based design and 
Figure 4.6 shows the simulation results with SenV(1.5s)-based design. The Bus5 voltage magnitude 
and the reactive power of onshore VSC at t=1.5s are presented in Table 4.5-4.6 with respect to 
SenQ(1.5s)- and SenV(1.5s)-based designs respectively.  
From Figure 4.6 and Table 4.5, it can be seen that the Bus5 voltage reaches 0.9 pu at 1.5s for 
m=2, and 0.89 pu (1% error to 0.9 pu) at 1.5s for m=3 and 4. From Figure 4.7 and Table 4.6, it can 
be observed that the Bus5 voltage reaches 0.9 pu at 1.5s for all given values of m. Thus, it can be 
deduced that the Bus5 voltages of simulations based on both SenQ(1.5s)- and SenV(1.5s)-based 
designs are acceptable with regard to the short-term voltage stability criteria used in this study. 
However, the SenV(1.5s)-based design yields more accurate results than the SenQ(1.5s)-based design. 
The reason is that the expected voltage magnitudes used in the design procedures are definite and 
accurate, but the expected reactive power output of onshore VSC are estimated values based on the 
time domain simulation with base VSC capacity (150MVA).  
 
 
TABLE 4.3 
Design results based on SenQ(1.5s) 
m 
First stage approximation Second stage approximation 
ܵ݁݊ொሺ1.5ݏሻ ∆ܵொሺܯܸܣሻ ܵொ௡௘௪ሺܯܸܣሻ ܵ݁݊ொ∗ ሺ1.5ݏሻ ∆ܵொ∗ሺܯܸܣሻ ܵொ௡௘௪∗ ሺܯܸܣሻ
2 -0.7948 20.6 171 -0.3711 6.5 178 
3 -1.2161 24.0 174 -0.7667 4.0 178 
4 -2.0069 24.1 174 -1.2286 6.7 181 
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TABLE 4.4 
Design results based on SenV(1.5s) 
m 
First stage approximation Second stage approximation 
ܵ݁݊௏ሺ1.5ݏሻ ∆ܵ௏ሺܯܸܣሻ ܵ௏௡௘௪ሺܯܸܣሻ ܵ݁݊௏∗ ሺ1.5ݏሻ ∆ܵ௏∗(MVA) ܵ௏௡௘௪∗ ሺܯܸܣሻ
2 0.0036 21.2 171 0.0022 8.0 179 
3 0.0045 21.3 171 0.0024 9.9 181 
4 0.0060 21.7 172 0.0027 12.5 185 
 
 
 
Figure 4.5 Result comparison between SenQ(1.5s)- and SenV(1.5s)-based design. 
 
m=2 m=3 m=4
0
10
20
30
S
 (M
VA
)
Fisrt stage approximation
m=2 m=3 m=4
0
5
10
15
S
*  (
M
V
A)
Second stage approximation
m=2 m=3 m=4
0
50
100
150
200
S
ne
w
 (
M
V
A
)
Desirable capacity
 
 
SenQ(1.s) based SenV(1.5s) based
Chapter 4 Enhancement of voltage support capability of VSC-HVDC based on TSA 
 
65 
 
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
0.5
0.6
0.7
0.8
0.9
1
1.1
(a)
B
us
5 
vo
lta
ge
 (p
u)
 
 
m=2
m=3
m=4
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
-20
0
20
40
60
80
100
(b)
Time (s)
Q
 o
f o
ns
ho
re
 V
S
C
  (
M
Va
r)
 
 
m=2
m=3
m=4
 
Figure 4.6 Bus5 voltage and reactive power output of onshore VSC based on SenQ(1.5s)-based design: (a) 
Voltage magnitude of Bus 5; (b) Reactive power output of onshore VSC. 
 
TABLE 4.5 
Results at t=1.5s based on SenQ(1.5s)-based design 
m VSC S (MVA) 
Bus5 V 
(pu) 
VSC Q 
(MVar) Time (s) 
2 178 0.90 -6.6448 1.50 
3 178 0.89 -6.3313 1.50 
4 181 0.89 -4.6114 1.50 
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Figure 4.7 Bus5 voltage and reactive power output of onshore VSC based on SenV(1.5s)-based design: (a) 
Voltage magnitude of Bus 5; (b) Reactive power output of onshore VSC. 
 
TABLE 4.6 
Results at t=1.5s based on SenV(1.5s)-based design 
m VSC S (MVA) 
Bus5 V 
(pu)  
VSC Q 
(MVar) Time (s) 
2 179 0.90 -6.9836 1.50 
3 181 0.90 -8.2172 1.50 
4 185 0.90 -8.1823 1.50 
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Figure 4.8 compares the expected reactive power output (t=1.5s) of onshore VSC with the 
simulation results (t=1.5s) based on SenQ(1.5s)- and SenV(1.5s)-based designs respectively.  It is 
obvious that the difference between the expected values and simulation values is bigger for 
SenV(1.5s)-based design compared to the SenQ(1.5s)-based design.  
The Bus5 voltage for a longer time scale is also shown in Figure 4.9 for SenQ(1.5s)-based design.  
It can be observed from Figure 4.9 that the voltage of Bus 5 is stabilized from 1.5s on.  Apparently, 
the voltage stability can also be guaranteed for SenV(1.5s)-based design. 
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Figure 4.8 Comparison of reactive power output of onshore VSC at t=1.5s between expected values and 
simulation results with desirable VSC capacities. 
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Figure 4.9 Bus5 voltage for a longer time scale for SenQ(1.5s)-based design. 
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For the given grid disturbance, Figure 4.10 presents the Bus5 voltage magnitude and the reactive 
power of onshore VSC at 1.5s with respect to various onshore VSC capacities. It can be seen that the 
Bus5 voltage and reactive power of onshore VSC at 1.5s are almost linearly dependent on the 
onshore VSC capacity. This nearly linear relationship, from another point of view, also reflects the 
reasonability of the proposed method. 
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Figure 4.10 Bus5 voltage and reactive power of onshore VSC at 1.5s towards various onshore VSC capacities: 
(a) Bus5 voltage magnitude at 1.5s; (b) Reactive power of onshore VSC at 1.5s. 
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4.6 Summary 
In this chapter, VSC-HVDC transmission system is used to integrate a large-scale wind power 
plant into the onshore power grid. For the studied voltage support strategies of VSC-HVDC, a TSA-
based two-stage design method is developed to identify the minimum onshore VSC capacity with 
which VSC-HVDC can provide enough support for stabilizing the PCC voltage following a grid 
disturbance.  
By using the proposed TSA-based two-stage method, the design is accomplished by numerical 
calculations based on only a few time domain simulations.  The two-stage approximation strategy 
also improves the accuracy of the TSA-based linear approximation. Both reactive power-based and 
voltage-based trajectory sensitivities are applied to the design procedures. And the effectiveness of 
the proposed method is finally verified by results based on time-domain simulations. 
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Chapter 5 
Coordinated Frequency Regulation by Offshore Wind Farm and 
VSC-HVDC Transmission 
Modern offshore wind farms are generally required to provide ancillary services, such as 
voltage support and frequency regulation, as conventional synchronous generation units. The VSC-
HVDC inherently doesn’t contribute to grid frequency regulation, and may block or delay the 
offshore wind turbines’ responding to grid frequency disturbances. This chapter presents a new 
control strategy that reduces the time of transmitting onshore frequency signal to offshore wind 
turbines and enable VSC-HVDC to provide inertial response by means of partially charging / 
discharging of its DC capacitors. To further improve the system frequency response, the 
cooperation with the frequency support from offshore wind turbines is also considered with respect 
to the latency of offshore wind turbines responding to onshore grid frequency disturbances. 
5.1 Introduction 
Power system frequency stability refers to the ability of a power system to maintain stable 
frequency following a severe system upset resulting in a significant imbalance between generation 
and load [1]. In the event of a sudden loss of a large power supply or a sudden increase in power 
demand, synchronous generators will release their kinetic energy stored in their large rotating 
masses immediately to slow down the initial rate of change of the frequency (ROCOF). This 
response is known as inertial response. Soon afterwards, the speed governors of synchronous 
generators will detect the frequency deviation and then start to provide additional power to balance 
the load. When the generation once again meets the power demand, the frequency will then be 
stabilized at a steady-state value that deviates from the nominal frequency. During this dynamic                  
process, the frequency hits the nadir at some point. This response is known as primary frequency 
control. As primary frequency control is not sufficient to restore the frequency back to its nominal 
value, the response known as secondary frequency control is, therefore, required to accomplish the 
frequency regulation. The secondary frequency control is generally provided by automatic 
generation control (AGC). Figure 5.1 shows the normal frequency response of a power system 
following a large disturbance.  
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Figure 5.1 Normal frequency response following a large disturbance. 
The generation of a large-scale offshore wind farm could be hundreds of MW, which well 
matches the generation of conventional power plants. With the increasing penetration level, the 
behavior of large-scale offshore wind farms will exert significant impact on the operation and 
control of the interconnected power system. In fact, modern large-scale offshore wind farms are not 
merely required to supply active power generation, but also to provide ancillary voltage and 
frequency regulation as conventional power plants, especially under the conditions that the offshore 
wind farms are displacing conventional power plants [2], [3].  
However, the electromechanical behavior of variable speed wind turbines (VSWTs), which 
comprise modern offshore wind farms, differs fundamentally from that of conventional 
synchronous generators (SGs). VSWTs that are interfaced with AC power grid via voltage source 
converters (VSCs) are naturally considered inertia-less to AC power systems [4], [5] and have no 
primary control reserve as the wind is not controllable [6]. Thus, the integration of large offshore 
wind farms along with the de-commissioning of conventional power plants is bound to reduce the 
system inertia and primary control reserve. Without countermeasures, this would put power system 
security at high risk. To solve this problem, ancillary frequency support schemes need to be 
equipped to VSWTs for active power control. In [6]-[9], control methods for converters were 
proposed to provide short-term frequency support by utilizing the rotational kinetic energy of 
VSWT’s generator. The implementation of energy reserve was also reported in [10], [11] by forcing 
VSWT to operate in a de-loading mode by means of converter control and pitch angle control. 
As already known, a large-scale offshore wind farm is probably located far away from the 
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onshore connection point and is connected into the onshore grid via VSC-HVDC transmission 
system. Due to the decoupling of the VSC-HVDC link, the offshore wind farm would not be 
directly affected by onshore grid disturbances. However, this decoupling would also reduce the 
sensitivity of the offshore wind farm to the onshore network disturbances and prevent the offshore 
wind farm from timely response. For a grid frequency deviation, it is apparent that the offshore 
wind farm is not able to provide immediate frequency support following the frequency transient due 
to the communication delay. As for the VSC-HVDC transmission itself, though it performs well on 
voltage support [12], [13], it doesn’t respond to the frequency deviation inherently. Yet, efforts have 
been made to allow the VSC-HVDC to participate in grid system frequency regulation.   
In [14], a supplementary control loop was added to the onshore VSC for frequency regulation. 
However, this supplementary control loop was only responsible for generating a simple raise / 
lower signal in line with the onshore grid frequency absolute deviation, and sending the signal to 
the offshore wind farm via communication interface. The signal activated the de-loading control of 
offshore wind turbines to provide frequency support. In [15]-[17], the participation of VSC-HVDC 
connected wind farms in system frequency regulation was also investigated. However, all these 
studies focused only on developing artificial coupling methods between the wind farm grid and the 
onshore grid frequencies. The magnitude of DC link voltage of VSC-HVDC was controlled by the 
onshore VSC to reflect the onshore grid frequency deviation and the offshore VSC adjusted the 
offshore grid frequency based on the variation of the DC link voltage. Therefore, the offshore wind 
turbines could detect the onshore grid frequency disturbance without communication interface, and 
participate in frequency control.  However, the above studies did not probe into the potential 
frequency support capability of VSC-HVDC itself. An inertia emulation control (INEC) strategy for 
VSC-HVDC transmission systems was proposed in [18], [19]. It allowed a VSC-HVDC system 
with a fixed capacitance to emulate a wide range of inertia constants by specifying the amount of 
permissible DC voltage [19]. The stored energy in the HVDC DC capacitors was utilized to provide 
inertial response and contribute to primary frequency control of the studied AC network. However,   
the DFIG-based wind farm connected via the VSC-HVDC did not provide frequency support in this 
work and the effectiveness of the proposed INEC strategy was not evaluated while coordinating 
with the frequency control of the offshore wind farm.  
This chapter explores the frequency regulation capability of VSC-HVDC that is used to integrate 
a large offshore wind farm into the onshore power grid. The offshore wind farm is comprised of 
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FCWTs. A coordinated control strategy is proposed to reduce the time of transmitting onshore 
frequency signal to offshore wind turbines and enable VSC-HVDC to provide inertial response by 
means of partially charging / discharging of its DC capacitors. To further improve the system 
frequency response, the cooperation with the frequency support from offshore wind turbines is also 
considered with respect to the latency of offshore wind turbines responding to onshore grid 
frequency disturbances.  
5.2 Frequency support strategies 
5.2.1 Frequency support strategy for wind turbine 
For clear demonstration, Figure 5.2 shows the generic structure and control of the FCWT. The 
generator-side converter regulates the generator active power output and stator voltage, while the 
grid-side converter stabilizes the DC voltage and maintains a unity power factor operation. The 
blade angle is controlled through a pitch angle controller. The detailed modelling has been 
described in Chapter 2.2.  
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Figure 5.2 Generic structure and control of FCWT. 
To fulfill frequency support capability, an ancillary frequency controller is designed and shown 
in Figure 5.3. It can be divided into two parts: under-frequency controller that is activated if the 
measured frequency is below 49.8Hz, and over-frequency controller that is activated if the 
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measured frequency is over 50.2Hz. In Figure 5.3, the active power reference Pω_ref  is determined 
by the wind turbine generator speed via MPT. The active power reference Punder (pu) and Pover (%) 
are generated by the under-and over- frequency controllers respectively. The total active power 
reference value Pg*  to the wind turbine generator is then given as 
*
_g ref over underP P P P   .    (5.1) 
The Low-pass filter is used to eliminate the measurement noise of the frequency signal.  
1
1 sT df dt inertiaK
1 R1
1 sT
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Figure 5.3 Ancillary frequency control for FCWT. 
A. Under-frequency controller 
The under-frequency controller is used to enable the FCWT to provide inertial response and 
release active power reserve if applicable, when the system frequency drops lower than 49.8Hz 
(nominal 50Hz) that is determined by the author in the simulation experiments. From Figure 5.3, it 
can be seen that the under-frequency controller is also composed of two components: inertia 
controller and droop controller. A demonstrative diagram of the under-frequency controller is 
shown in Figure 5.4.  
The inertia controller is applied to emulate the inertial response of synchronous generators and 
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its output active power reference Pinertia is proportional to the derivative of the system frequency. 
The droop controller is applied to emulate the response of the speed governor of a synchronous 
generator and its output active power reference Pdroop is proportional to the absolute deviation of the 
system nominal frequency. Hence, the output Punder of the under-frequency controller can be given 
as 
meas nom meas
under inertia
df f fP K
dt R
    ,    (5.2) 
where Kinertia is the gain of the inertia controller, R is the adjusting coefficient of the droop 
controller, fmeas is the measured system frequency and fnom is the nominal frequency of the power 
system. Similar discussions of this under-frequency regulation strategy can be found in detail in [6]-
[11]. 
inertiaK
1 / R
df
dt
f
inertiaP
droopP
underP
 
Figure 5.4 Demonstrative diagram of under-frequency controller. 
B. Over-frequency controller 
Fundamentally, the over-frequency controller reduces the current active power generation with a 
40% gradient of the presently available power per Hz if the measured frequency exceeds 50.2Hz in 
terms of E.ON Grid Code [20]. While coordinated with the ancillary frequency control of VSC-
HVDC, a participation coefficient Kover has been employed to offset the influence of regulation of 
VSC-HVDC on the peak frequency during over-frequency disturbances.  The control is described as 
1 ( )o grad up overy K f f K     .     (5.3) 
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where yo is the output control signal, f is the system frequency and fup is equal to 50.2 Hz, which is 
the activating threshold value. The value of Kover is determined according to the wind capacity 
penetration level (WCPL), which is defined as 
ܹܥܲܮ ൌ ௧௢௧௔௟	௜௡௦௧௔௟௟௘ௗ	௪௜௡ௗ	௖௔௣௔௖௜௧௬	ሺெௐሻ௧௢௧௔௟	௟௢௔ௗ	௖௔௣௔௖௜௧௬	ሺெௐሻ ൈ 100%.   (5.4) 
Since the VSC-HVDC capacity as well as its DC capacitance is directly related to the connected 
wind farm rating, the WCPL can then be thought as an index to reflect the frequency support level 
of VSC-HVDC using the proposed control. In this study, the WCPL is around 40% and thus Kover is 
assigned to ‘1.4’. The reduction of generation of FCWT is achieved by increasing the pitch angle.  
C. Primary frequency reserve implementation 
Conventional synchronous generating units are able to provide primary frequency reserve within 
30 seconds. As mentioned above, when a frequency disruption occurs, the governor of a convention 
synchronous generator detects the frequency decline and then increases its mechanical power output 
to drive the synchronous generator to generate additional active power. As a result, the imbalance 
between the power demand and supply is reduced or eliminated and the system frequency is 
stabilized at an off-nominal point.  
Dissimilarly, variable speed wind turbines are inherently non-capable of providing primary 
frequency reserve due to the un-controllability of wind speed. However, with customized control 
strategies, the FCWT can generate less active power than its available capability as described in 
Chapter 1.2. The margin between the actual generation and available generation can be considered 
as primary frequency reserve. To obtain the active power reserve margin, the FCWT must operate 
in a de-loading mode instead of in the maximum power extraction mode. The de-loading operation 
can be achieved by wind turbine generator speed control and / or pitch angle control [10], [11], [21].  
In this study, rated wind speed is applied and only pitch angle control is implemented to realize 
primary frequency reserve of FCWT. The generic pitch angle controller has been depicted in 
Chapter 2.2.3. To enable FCWT to provide active power reserve margin for frequency support, an 
angle increment Δβ is added to force the FCWT to operate in the de-loading mode. The value of Δβ 
determines the de-loading level, namely, the capacity of active power reserve. A 10% de-loading 
level (Δβ ≈ 1.7○) is set for frequency regulation study and the modified pitch angle controller is 
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shown in Figure 5.5. 
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Figure 5.5 Modified pitch angle controller. 
5.2.2 Frequency support strategy for VSC-HVDC 
VSC-HVDC transmission system is attractive for connecting remotely located offshore wind 
farms to the onshore main grid. From the point of view of a power system, it acts as a zero-inertia 
generator that can control active and reactive power instantaneously and independently. The generic 
scheme of the VSC-HVDC system is shown in Figure 5.6.  
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Figure 5.6 Generic scheme of VSC-HVDC. 
The offshore VSC is responsible for collecting power generated by the offshore wind farm. Due 
to the decoupling of VSC-HVDC, it operates as a reference machine to set reference frequency, 
voltage amplitude and phase angle for the offshore network. The onshore VSC controls the power 
flow to the onshore grid by controlling the DC-link voltage and voltage amplitude at the connection 
point. A constant DC-link voltage indicates active power balance between onshore and offshore 
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VSCs, which means that the active power entering VSC-HVDC is equal to the active power leaving 
it.  
Basically, VSC-HVDC system itself does not generate any active power, nor consume active 
power if ignoring converter and cable losses. Hence, it cannot provide frequency support inherently. 
Moreover, it even blocks offshore wind farm from directly responding to the state changes of the 
onshore grid. In other words, the existence of VSC-HVDC actually deteriorates the participation of 
FCWT-based offshore wind farm in system frequency regulation. Therefore, to cope with this 
impairment, a new frequency support strategy for VSC-HVDC is developed. 
A. Frequency signaling 
Generally, the control and measurement data is transmitted to individual FCWTs via standard 
SCADA-link. However, this direct communication method has a relatively longer latency that is not 
suitable for events that FCWTs are required to respond instantly.  
Therefore, instead of setting the reference frequency at a constant value for the offshore grid, the 
offshore VSC is controlled to vary the reference frequency fwf along with the onshore grid frequency 
fgrid by adding an ancillary control loop as shown in Figure 5.7, in which Pm is magnitude of the 
pulse-width modulation index and F0 is the input frequency to VSC which allows varying the 
frequency of the output voltage. In the ancillary frequency signaling loop, the grid frequency fgrid is 
transmitted via the communication interface of VSC-HVDC. In this way, the onshore grid frequency  
wfV
*
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*i
i
mP
wff
gridf
0F
 
Figure 5.7 Modified Offshore VSC control with ancillary frequency control. 
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signal is contained in the offshore electrical waveforms. Thus, individual offshore FCWTs can detect 
the onshore grid frequency disturbance by monitoring the offshore grid frequency and react swiftly.  
B. Ancillary DC voltage control 
Figure 5.8 shows the equivalent ac-side and dc-side circuits of a VSC, in which R represents the 
loss of the VSC and the VSC reactor, L is the reactor inductance, Vs is the grid bus voltage and Vc is 
the VSC output voltage [22], [23]. The two sides are coupled each other with a controlled voltage 
source and a controlled current source. 
dcV
dcI
dcP
acP
cVsV
R L
sI
 
Figure 5.8 Equivalent circuit of a VSC: (a) ac-side; (b) dc-side. 
Referred to [22]-[24], the mathematical model of ac-side in the synchronous d-q reference frame, 
in which the d-axis is aligned with grid voltage Vs, can be presents as 
1sd sd sd cd
sq sq sq cq
i i v vR Ld
i i v vR Ldt L


                       
   (5.5) 
3( )
2ac cd sd cq sq
P v i v i    .      (5.6) 
And the dc-side can be given as 
dc dc dcP I V  .        (5.7) 
According to the law of energy conservation and from Figure 5.8b, we can get 
dc
dc ac dc
dVP P C V
dt
    .       (5.8) 
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Then, by substituting (5.6) and (5.7) into (5.8), we can have 
3( )
2
dc
dc dc cd sd cq sq dc
dVI V v i v i C V
dt
        .   (5.9) 
From (5.9), it can be seen that to ensure the power balance between the offshore and onshore 
VSCs, the DC voltage must be controlled constant. However, since the capacitor is an energy storage 
element, it is obvious that it can be used to release or absorb power by leveling down or up its 
voltage. The energy change Wc and power change pc of a capacitor from t1 to t2 can be expressed as 
2( )
( 1)
dc
dc
V t
c dc dcV t
W C V dV        (5.10) 
1 2( , )c
c
dW t tP
dt
 .       (5.11) 
Therefore, it is realistic to exploit this characteristic of DC capacitor of VSC-HVDC for grid 
frequency regulation. By means of adjusting the DC-link voltage, VSC-HVDC is able to inject more 
or less active power into the onshore grid than that it collects from the offshore wind farm.  
For this specific purpose, an ancillary DC voltage controller is proposed and the modified onshore 
VSC control is shown in Figure 5.9. The additional DC voltage reference V*dcf is determined by the 
frequency deviation, which is passed to a first-order lag with gain Kf. To control the energy-releasing 
speed of the DC capacitors, the time constant Tf of the first-order lag is also tuned in terms of the 
latency of the communication interface of VSC-HVDC system. This value of V*dcf is limited to ±0.1 
pu of nominal DC voltage, but in realistic applications, it should be determined with respect to 
insulation requirements, PWM functionality etc. In such a way, when the frequency deviation is 
recognized, the change rate of DC voltage is controlled according to the communication latency 
between the stations of VSC-HVDC. The voltage changes faster when the latency is shorter and 
slower when the latency is longer. That also represents that the DC capacitors are able to release its 
energy continuously until wind turbines start to react to the grid frequency deviation.  
The ancillary DC voltage controller is activated when the grid frequency is out of the range 
49.8~50.2Hz. Once the grid frequency is lower than 49.8Hz, the DC voltage is controlled down to 
0.9 pu to release part of the stored energy in DC capacitance. When the grid frequency is higher than 
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50.2Hz, the DC voltage is controlled up to 1.1 pu to absorb energy transmitted from the offshore 
VSC. Since the DC capacitance and voltage variation for a certain VSC-HVDC are limited, the 
power released / absorbed by the DC capacitance is also limited. Therefore, in this study, the VSC-
HVDC is controlled to provide efficient frequency support until the offshore FCWTs senses the 
onshore grid frequency disturbance and starts to respond to it.   
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Figure 5.9 Modified onshore VSC control with ancillary frequency control. 
5.3 Simulation studies 
The simulation study has been carried out on the test power system described in Chapter 4.4 and 
as shown in Figure 4.1. The system frequency excursions are caused by sudden increase / decrease 
of Load C. A sudden increase of 46% active power and 10% reactive power of Load C is simulated 
at 1.0s to cause an under-frequency event. This results in the system frequency to drop to nearly 
49.0 Hz without frequency supports from offshore FCWTs and VSC-HVDC. Similarly, the over-
frequency event is resulted from a sudden decrease of 20% active power and 5% reactive power of 
Load C at 1.0s. During the over-frequency event, the maximum frequency is around 50.4Hz if the 
offshore FCWTs and VSC-HVDC don’t participate in frequency regulation.  The participation of 
VSC-HVDC and FCWTs in frequency regulation is activated when the frequency is below 49.8 Hz 
or beyond 50.2 Hz. The rated wind speed is applied as mentioned before. For different frequency 
events, cases listed in Table 5.1 are studied in the simulations.    
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TABLE 5.1 
Description of study cases 
Case Description 
1 Without frequency support from FCWTs and VSC-HVDC 
2 Activating frequency controller of FCWTs only 
3 Activating frequency controller of FCWTs and VSC-HVDC 
 
5.3.1 Under-frequency event 
Figure 5.10 – 5.13 presents the simulation results for the sudden load increase with 300ms 
latency of VSC-HVDC communication interface. The frequency response of the  
AC power system is shown in Figure 5.10. It is observed that the frequency support from offshore 
wind farm makes up active power for the load increase and reduces the frequency drop 
significantly. The frequency is also stabilized much faster at a higher steady-state value compared 
to the case without offshore wind farm frequency support. Moreover, the participation of frequency 
support from VSC-HVDC improves the nadir frequency further. However, due to the latency of 
measurement and the VSC-HVDC communication, the initial ROCOF of the frequency decline is 
not ameliorated evidently though both offshore wind farm and VSC-HVDC provide frequency 
support.  
The response of offshore wind farm for the load increase is shown in Figure 5.11. We can see 
that if the ancillary frequency controller is not activated, the operation of FCWTs is not affected due 
to the decoupling of converters. In the cases that the frequency controller of FCWTs is activated, it 
can be observed that at the instant that the frequency drop is detected by the FCWTs, there is a 
sudden increase of the active power generation of the offshore wind farm (see Figure 5.11c) as a 
result of the decrease of both turbine generator speed (see Figure 5.11a) and pitch angle (see Figure 
5.11b). The joint action of ancillary frequency controller and pitch angle controller leads to the 
fluctuation of FCWT generator speed as shown in Figure 5.11a. From Figure 5.11b and 5.11c, it is 
clear that that the primary frequency reserve is obtained by means of the decrease of pitch angle. 
The participation of VSC-HVDC in frequency regulation does not exert evident influence on the 
operation of the offshore wind turbines. 
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Figure 5.12 presents the response of VSC-HVDC for the load increase. It can be seen from 
curves of Case2 that the onshore VSC increases its active power output (see Figure 5.12b) as 
offshore wind farm starts to generate more power to support the frequency (see Figure 5.11c), while 
only offshore wind farm responds to the frequency decline. Accordingly, the DC voltage (see 
Figure 5.12a) fluctuates a bit at the time that the active power output of the onshore VSC increases 
sharply and then maintains at the rated level again. When the ancillary frequency controller of VSC-
HVDC is activated, the DC voltage is controlled to drop down to 0.9 pu quickly as shown in Figure 
5.12a to release part of the power stored in DC capacitance. In consequence, the onshore VSC is 
able to infeed more active power into the onshore grid to support the frequency as illustrated in 
Figure 5.12b. This coordinated frequency regulation of offshore wind farm and VSC-HVDC obtains 
better frequency response as mentioned above.  
The influence of frequency support from offshore wind farm and VSC-HVDC on main grid 
spinning reserve and active power generation is illustrated in Figure 5.13. The grid spinning reserve 
is the summation of the spinning reserve of all conventional synchronous generators.  It is obvious 
that enabling frequency support from offshore wind farm has positive effect, whereas the frequency 
support from VSC-HVDC barely affects the system spinning reserve and the generation of SGs due 
to its short activation time.  
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Figure 5.10 System frequency response for the load increase. 
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Figure 5.11 Offshore wind farm response for the load increase: (a) FCWT generator speed; (b) Pitch 
angle; (c) Active power generation of offshore wind farm. 
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Figure 5.12 VSC-HVDC response for the load increase: (a) DC voltage; (b) Active power output of the 
onshore VSC. 
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Figure 5.13 Main grid response for the load increase: (a) Total spinning reserve; (b) Total active power 
generation of conventional synchronous generators. 
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5.3.2 Over-frequency event  
A sudden decrease of Load C results in the frequency to be over the upper acceptable limit (50.2 
Hz). The simulation results for the sudden load decrease scenario are shown in Figure 5.14 to 
Figure 5.17, while the communication delay of VSC-HVDC is also 300ms.  
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Figure 5.14 System frequency response for the load decrease. 
The system frequency response is shown in Figure 5.14.  We can see that the frequency support 
provided only by the offshore wind farm does not improve the initial frequency dynamics but 
reduces the peak frequency and achieves significant enhancement on the frequency restoration. 
Comparably, the joint frequency support provided by both offshore wind farm and VSC-HVDC 
further lowers down the peak frequency more obviously.  However, without special coordination, 
the participation of VSC-HVDC in over-frequency regulation aggravates the restoration of the 
frequency as observed by comparing ‘Case2’ with ‘Case3 without Kover’. By introducing the 
participation coefficient Kover to the over-frequency controller of FCWTs in the case ‘Case3 with 
Kover = 1.4’, it can be seen that the negative impact of the support from VSC-HVDC on frequency 
restoration is alleviated.   
Figure 5.15 presents the offshore wind farm response to the given over-frequency event. 
According to (5.3), the reduction in offshore wind farm generation is proportional to the over-
frequency deviation. From Figure 5.15b and 5.15c, we can see that the pitch angle of FCWTs 
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increases to cut down the wind power generation, while the over-frequency event occurs. The wind 
turbine generator also speeds up shortly and then returns to normal operation by means of pitch 
angle regulation as shown in Figure 5.15a.  As above mentioned, the VSC-HVDC support reduces 
the peak frequency. However, it, in turn, covers the actual severity of the frequency variation to 
FCWTs and thus weakens the FCWTs’ frequency support as the red curves illustrate. The 
correction is done by the employment of participation coefficient Kover. By comparison between 
‘Case2’ and ‘Case3 with Kover = 1.4’, it is clear that the wind farm active power in ‘Case3 with Kover 
= 1.4’ is very close to that in ‘Case2’. 
Figure 5.16 presents the response of VSC-HVDC for the sudden load reduction. It can be 
observed from Figure 5.14 - 5.16 that in the frequency-rising period, the DC voltage is controlled to 
increase to let the DC capacitors charge and absorb the energy that slows down the ROCOF and 
reduces the absolute frequency deviation. After the offshore wind farm reduces its generation as a 
response to the over frequency as shown in Figure 5.15c, the DC voltage begins to drop and the DC 
capacitors then begin to discharge and release energy that impairs the frequency restoring. The 
charging and discharging of DC capacitance are reflected in the active power output of onshore 
VSC as shown in Figure 5.16b.  The influence of the introduction of Kover on DC voltage and 
onshore VSC active power output are also clearly presented in Figure 5.16a and 5.16b, respectively.  
Figure 5.17 shows the changes for the sudden load reduction with respect to main grid spinning 
reserve and active power generation. By comparison, it is apparent that the frequency support from 
VSC-HVDC smoothes the fluctuations in spinning reserve (see Figure 5.17a) and system active 
power generation (see Figure 5.17b).  
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Figure 5.15 Offshore wind farm response for the load decrease: (a) FCWT generator speed; (b) Pitch angle; 
(c) Active power generation of offshore wind farm. 
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Figure 5.16 VSC-HVDC response for the load decrease: (a) DC voltage; (b) Active power output of the 
onshore VSC. 
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Figure 5.17 Main grid response for the load decrease: (a) Total spinning reserve; (b) Total active power 
generation of conventional synchronous generators. 
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5.2.1 Effect of delay of VSC-HVDC communication interface 
The communication delay of VSC-HVDC depends on the distance between onshore and offshore 
VSC stations and the type of communication system. While implementing the proposed coordinated 
frequency control strategy for offshore wind farm and VSC-HVDC, Figure 5.18 and Figure 5.19 
illustrates the effect of various delay of VSC-HVDC communication on the system frequency 
response, HVDC DC voltage and onshore VSC active power output for both under- and over-
frequency scenarios, respectively. The studied communication delays are 10ms, 300ms and 
1000ms.  
From Figure 5.18a, we can see that with the increasing VSC-HVDC communication delay, the 
frequency falls deeper and the improvement on ROCOF is degraded. However, for the given three 
delays, the frequency is restored to almost the same level. From Figure 5.18b, it is observed that the 
slope of decline of DC voltage is smaller for a longer communication delay. Thus, the power-
releasing of DC capacitance lasts longer as shown in Figure 5.18c. The slower decline of DC 
voltage and slower power-releasing of DC capacitance for a longer communication delay are 
proposed to avoid the second frequency drop when the DC capacitance has finished discharging but 
offshore wind farm has not increased its generation due to the communication delay. 
Figure 5.19a illustrates that for a longer VSC-HVDC communication delay, the proposed 
frequency support strategy has a weaker suppression on the frequency ascending, but achieves 
better frequency restoring performance. From Figure 5.19b, it can be seen that a longer 
communication delay corresponds to a more moderate DC voltage change. The softer the DC 
voltage change, the milder and longer the energy-releasing of the DC capacitors as shown in Figure 
5.19c. Therefore, by applying the proposed control strategy, the longer communication delay leads 
to less peak frequency regulation of the onshore VSC and then the offshore wind turbines would 
recognize a severer frequency deviation so as to provide stronger support for frequency regulation.  
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Figure 5.18 Effect of VSC-HVDC communication delay for the sudden load increase: (a) System frequency; 
(b) DC voltage; (c) Active power output of the onshore VSC.  
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Figure 5.19 Effect of VSC-HVDC communication delay for the sudden load decrease: (a) System frequency; 
(b) DC voltage; (c) Active power output of the onshore VSC.  
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5.4 Summary 
A new control strategy is developed in this study to allow the VSC-HVDC transmission to 
contribute to system frequency regulation without additional investment. The ancillary frequency 
controller added to the offshore VSC simplifies frequency signal communicating and reduces the 
latency of offshore wind farm responding to the onshore grid frequency deviation. The ancillary 
frequency controller added to the onshore VSC utilizes the DC capacitors to release / absorb energy 
by adjusting its voltage to fluctuate in a certain range. As a consequence, the VSC-HVDC is able to 
respond to system frequency excursion almost immediately and vary its active power output to 
support system frequency.   
The implementation of the proposed control strategy is deliberately coupled with the frequency 
control of the variable-speed wind turbines of the offshore wind farm which is integrated into the 
onshore power grid by the VSC-HVDC. Through simulations and analysis, it is shown that the 
proposed control strategy allows the VSC-HVDC to provide effective frequency regulation without 
any extra investment. The coordination of the frequency control of the VSC-HVDC and wind 
turbines obtains a significantly enhanced frequency response for the studied power system. The 
collective frequency support capability is comparable to that of conventional power plants.  
However, subject to the VSC-HVDC DC-link voltage and DC capacitor capacity constraints, the 
amount of the energy released / absorbed by the DC capacitors is limited and therefore the 
frequency support from VSC-HVDC is only temporary. In view of this, the frequency-responding 
latency of the offshore wind farm directly affects the strength of the frequency regulation from the 
VSC-HVDC. The larger the latency is, the weaker the frequency regulation strength of VSC-
HVDC.  
It is foreseeable that with the large-scale development and utilization of offshore wind power and 
VSC-HVDC interconnections, the participation of offshore wind farm and VSC-HVDC 
transmissions in system voltage and frequency regulation will play a substantial role. Hence, the 
significance of the method provided herein becomes more notable.    
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Chapter 6 
Application of Battery Energy Storage System to Enhance Frequency 
Response of Power System with High Wind Power Penetration 
Employing BESS is an effective solution to mitigate wind power fluctuation and improve the 
wind power integration. This chapter explores the capability of PWM converter-interfaced BESS to 
enhance the system frequency response in cooperation with smoothing wind power fluctuation for 
the power system with high wind penetration. The PWM converter size is evaluated on the 
requirements of wind power fluctuation mitigation and frequency regulation. A new power 
management strategy is also proposed to enable the BESS to fulfil the two tasks.   
6.1 Introduction 
Due to the intermittency of wind energy and different electromechanical characteristics of wind 
turbines, high penetration of wind power is prone to introduce many technical challenges that 
threaten the stability and reliability of power systems, especially in the case of large scale offshore 
wind farm integration. One of the solutions, which may meet the more and more strict wind power 
integration requirement, is to enable large wind farms to have the similar characteristics as 
conventional generation units, such as automatic frequency and voltage control. Employing energy 
storage devices into power systems is another solution that can alleviate the adverse effects of large 
wind power integration and allow higher wind power penetration [1]-[7]. In addition, energy 
storage devices also play a very important role in electric energy time-shift, load following, area 
regulation, power quality, reserve capacity and transmission congestion relief and so on [8].  
To provide frequency reserve as conventional power plants, wind farms inevitably have to 
operate in a de-loading mode and generate less power than available as mentioned in the previous 
chapter. This would like to increase the system costs as other generation units have to compensate 
for the spilt wind energy and the participation in frequency regulation could also increase the 
fatigue of mechanical components of wind turbines. In addition, due to the continuous variation of 
wind speed, the frequency reserve of wind farms is not possible to keep a constant amount but is 
only a proportion of the available power. By comparison, using energy storage devices to replace 
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the frequency reserve of wind farms may be a good alternative.  
There are many types of energy storage technologies that are available for improving wind 
power integration, such as compressed air energy storage (CAES), pumped hydro, super-capacitor, 
flywheel, super-conducting magnetic energy storage (SEMS), BESS etc. [7], [9]. Among them, as 
one of the most cost-effective energy storage technologies available [9], BESS has been 
increasingly used for mitigating the wind power fluctuation, enhancing the wind power integration 
and improving the power quality [8], [10]-[14]. The combination of BESS and static compensator 
(STATCOM) has also been developed in [15], [16] to improve the power quality and stability to 
fixed-speed wind turbines.  
However, for applications of BESS to wind farm integration, most of the researches focused on 
using the BESS to complete a single task. The potential of enabling the BESS to fulfil multitask has 
not been addressed much. This chapter explores the capability of PWM converter-interfaced BESS 
to enhance the system frequency response in cooperation with smoothing the wind power 
fluctuation for the power system with high wind penetration.  The power system is characterized by 
a large-scale offshore wind farm that is integrated through a VSC-HVDC transmission system. The 
BESS is connected at the same point as the onshore VSC of the VSC-HVDC link.  
The converter rating of the BESS is based on the requirement of wind power fluctuation 
mitigation and the consideration that the BESS is able to supply frequency reserve and regulation at 
all times to a certain extent. This extent is determined, in this study, to be comparable to that 
provided by offshore wind farm and VSC-HVDC implemented the coordinated control strategy 
described in Chapter 5. Accordingly, a new power management strategy is also proposed to adjust 
BESS’s frequency reserve based on its fulfilment of smoothing wind power fluctuation. Case 
studies show that the proposed method allows the BESS to achieve multitasking and improve the 
system frequency response.  
6.2 Battery energy storage system model 
A battery system is made up of a set of low-voltage/power battery modules connected in parallel 
and series to achieve a desired electrical characteristic [9]. Through chemical reactions, batteries are 
charged and discharged in a DC manner. Therefore, to interface a battery with an AC system, a 
power conversion unit is necessary for transforming the DC-voltage of the battery to the AC-
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voltage needed for the grid and vice versa. The power conversion unit is normally based on a PWM 
voltage source converter. In consequence, a BESS comprises mainly of a storing part (battery 
modules), PWM converter and relevant control. The fundamental configuration of an equivalent 
BESS is shown in Figure 6.1, in which SOC represents the state of charge of the battery and Pmd 
and Pmq represent the d- and q-axis pulse-width modulation index respectively.  The control 
variables of PWM converter may consist of active power, voltage and frequency of the grid and the 
SOC of the battery. 
 
Figure 6.1 Fundamental configuration of the BESS in power system.  
6.2.1 Battery model 
The challenge with a BESS model largely lies in the battery modelling. To design an accurate 
and complete battery model is complex, time-consuming and application-dependent. In addition, the 
huge diversity and fast development of battery technologies make it unrealistic to have an accurate 
model that is valid for all batteries. Amongst all the current available battery types, the lead-acid 
battery is the most mature technology and has been extensively used for a majority of power system 
applications [6], [17], [18]. Therefore, the battery model in this study is based on the lead-acid 
technology.  
Different approaches of simulating lead-acid batteries for power system applications have been 
developed in [17] – [21]. In DIgSILENT, a simplified battery model is provided and the equivalent 
circuit is shown in Figure 6.2, in which R represents the internal resistance and E(soc) represents the 
battery voltage dependent on SOC.  
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Figure 6.2 Simple battery electrical equivalent.  
The SOC of the battery is determined by integrating the current in- and out-put of the battery. In 
sequence, the DC-voltage of a battery cell can be calculated as: 
max min (1 )cell cell cell cellV V SOC V SOC I R          (6.1) 
where Vcellmax is the voltage of the fully loaded cell, Vcellmin is the voltage of the empty cell and Icell is 
the DC-current of the battery cell. The block diagram of the simplified battery model is presented in 
Figure 6.3. The cell current is calculated by dividing the battery current by the number of parallel 
cells. The result of the integrator divided by the capacity of the cell makes the SOC. The DC-
voltage of a cell is deduced by equation (6.1). The DC terminal voltage of the battery is then the 
result of the cell voltage timed by the number of cells in a row.  
1
CellsInParallel
1
3600 s
1
CellCapacity
max
min (1 )
cell
cell
V SOC
V SOC


 
cellR Vcell CellsInRow
 
Figure 6.3 Block diagram of the simplified battery model. 
6.2.2 BESS control 
Figure 6.4 presents the overall control structure of the BESS applied in this study. The simplified 
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battery model, which is explained in the above section, controls the instantaneous value of the 
voltage of the DC Voltage Source that is the representation of the battery in DIgSILENT. The 
output current of this DC Voltage Source is, in turn, fed into the battery model as the input signal. 
The controller of the PWM converter consists of a power management unit, an active power-voltage 
(PV) controller, a charging controller and a current controller. The current controller, which 
generates the modulation factor, is an internal controller that is built in the PWM converter model in 
DIgSILENT. The other controllers are explained in detail as below.  
*
di
*
qi
*
limdi
*
limqi
 
Figure 6.4 Overall control structure of the BESS. 
A. Proposed power management unit  
The power management unit is responsible for determining the active power reference for the 
BESS. In this study, it is a combination of a smoothing controller and a frequency controller.  
For smoothing wind power fluctuations, various control strategies have been developed for 
battery energy storage systems [11]-[14], [23]-[25]. Though taking account of different limitations, 
for example, fluctuation restrictions and battery SOC limits, most of those strategies are based on 
first-order low-pass filters (FLF). The fundamental of the wind power smoothing approaches based 
on FLF is demonstrated in Figure 6.5. The wind farm generation PWF is filtered by a FLF with a 
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smoothing time constant Tf, which is basically determined by fluctuation restrictions. Thus, the 
output of the FLF is seen as the expected wind power PWF_exp. The power order Podr for the BESS is 
then given by the difference between the actual and expected wind power. After the power 
regulation of BESS (absorbing/releasing), the fluctuation of the combines power PWFC is finally 
limited to an acceptable boundary. Consequently, the grid frequency deviation caused by wind 
power fluctuation can also be diminished by implementing BESS with appropriate controls. An 
accurate wind forecast may further improve the performance of the smoothing controller and reduce 
the dimension of the battery [23].  
1
1 fsT
WFP
_ expWFP odrP battP
WFCP
maxoP
maxoP  
Figure 6.5 Fundamental of FLF-based strategies for wind power fluctuation smoothing.  
Since the mitigation of wind power fluctuation is not the research emphasis and the focus is on 
the transient performance of the power system during a short time, it is assumed in this study that an 
ideal FLF-based smoothing controller is implemented and is capable of limiting the wind power 
fluctuation to a satisfactory level.   
However, it is apparent that the smoothing controller is not sensitive to system frequency 
deviation and not effective for suppressing frequency deviations caused by grid contingencies such 
as synchronous generator outage and sudden load change. Therefore, in this study, a frequency 
controller is also employed and coordinated with the smoothing controller to equip the BESS with 
enhanced frequency response capability.  
Similar to the speed-droop characteristic of the governor in conventional generating units, the 
frequency controller of the BESS is a proportional controller with a dead band and a gain 1/droop 
as shown in Figure 6.6. The value of the droop determines the amount of active power output of the 
BESS with respect to the absolute value of the frequency deviation. Thus, this controller can take 
the responsibility for primary frequency control. The generated active power reference Pfref is 
limited within a certain range and also depends on the value of Podr. 
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Figure 6.6 Block diagram of frequency controller of the BESS. 
The power reference Podr together with Pfref compose the total active power reference Pref  to the 
PV controller and thus determines the active power in- / out-put of the BESS. The per unit value of 
Podr and Pfref satisfies the following relationship 
max max min max1, &odr fref o odr o f fref fP P P P P P P P         (6.2) 
in which Pomax is the maximum value of  Podr, and Pfmin and Pfmax are the minimum and maximum 
value of Pfref.  
 To ensure a certain amount of frequency reserve at all times and enhance the system frequency 
response, capacity constraints are also set for fluctuation mitigation and frequency regulation in this 
study as 
max 1oP        (6.3) 
max 1f odrP P       (6.4) 
B. PV controller  
The PV controller is to provide active power and reactive power/voltage control in a grid voltage 
oriented reference frame as shown in Figure 6.7. By means of PI controllers, the d-axis control loop 
controls the amount of active power in- / output of the BESS and the q-axis control loop controls 
the voltage of the measured point to the desired level. The active power reference is generated by 
the power management unit as described above.  
Grid Integration of Offshore Wind Farms via VSC-HVDC – Dynamic Stability Study 
108 
 
*
gridv
gridv
*
di
*
qi
refP
P
 
Figure 6.7 Block diagram of PV controller of the BESS. 
C. Charge controller 
The charge controller is used to judge whether the battery needs to be charged or not and set the 
active and reactive current boundary. As can be seen from Figure 6.8, the charge controller consists 
of two parts: a charging logic and a current limiter.  
_d ini
maxi
*
di
*
qi
gridv
*
limdi
*
limqi
 
Figure 6.8 Block diagram of charge controller of the BESS. 
The charging logic determines the charging / discharging of the battery based on the value of 
Chapter 6 Application of BESS to enhance system frequency response  
 
109 
 
SOC and active current. It also prevents a discharging of the battery if the SOC is below a certain 
value and prevents a charging of the battery if the SOC is above a certain value. The current limiter, 
on the one hand, limits the d- and q-axis current values according to the rated current of the PWM 
converter. On the other hand, it decides the current priority based on the magnitude of the measured 
voltage. The active current has the higher priority as long as the measured voltage is higher than 0.9 
pu. Otherwise, the reactive current is preferred. 
Details of the BESS model and control frames used in this study can be found in Appendix D.  
6.3 Studied System  
Figure 6.9 Single line diagram of power system with offshore wind farm and BESS.  
The above described BESS model is implemented to the power system with high wind 
penetration presented in Chapter 4.4 and is connected at Bus 5 as shown in the dashed line block in 
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Figure 6.9. The rated capacity of the offshore wind farm and the VSC-HVDC transmission system 
remains the same as that in the Chapter 4. The BESS is applied not only to mitigate wind power 
fluctuation, but also to provide primary frequency control.  
Upon time-domain simulations based on this system, a few reasonable assumptions have been 
made to underline the interested concerns. They are listed as follows: 
1. The wind speed is considered constant during the studied short timescale.  
2. It is supposed that there is no wind forecast error and the wind power fluctuation rate is 
controlled to be zero. Thus, the power generation of the offshore wind farm can be 
predicted exactly. The power order Podr to the BESS can also be determined accurately.    
3. Since the concerned timescale is short, the impact of BESS participating in frequency 
regulation on SOC of BESS is ignored in this study.  
6.4 Evaluation of BESS size 
The size of a BESS includes the battery MWh energy capacity and PWM converter MVA rating. 
With the same rating of PWM converter, a BESS of different energy capacity has different charging 
/ discharging time [26]. However, the smoothing and frequency regulation effect of a BESS during 
a short time period is mainly determined by the PWM converter rating, because this short period is 
normally much less the charging / discharging time of the BESS . Hence, the sizing of the battery 
capacity is not studied as mentioned above and the detailed battery data used in this study is given 
in Appendix D. The rating of the PWM converter takes account of the requirements of both wind 
power fluctuation mitigation and frequency regulation.  
For wind power smoothing applications, the dimensioning of PWM converter of a BESS is 
highly dependent on wind distribution data. In this study, a 20MVA converter, which is about 15% 
of the wind farm rated power, is supposed to be enough to suppress the wind power fluctuation to 
the desired level. However, during the period that the BESS uses all 20MVA to mitigate wind 
power fluctuation, there is no margin for the BESS to provide frequency regulation. Therefore, to 
provide the BESS with stable and reliable frequency regulation, a supplementary capacity is added 
to the PWM converter. This supplementary capacity of the converter is selected on the basis that the 
BESS has at least the same frequency regulation capability as that of the offshore wind farm and 
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VSC-HVDC, which are implemented the control strategy for frequency support as described in 
Chapter 5.  
To find the right supplementary capacity to the BESS converter, the frequency regulation effect 
of a BESS with different PWM converter ratings and different droop values of its frequency 
controller has been studied and compared with that of offshore wind farm and VSC-HVDC. 
Operating at rated wind speed, the offshore wind farm employs around 10% of its available 
generation for frequency regulation reserve and its ancillary frequency controller has a 4% droop 
that is comparable to the droop setting of conventional synchronous generation units. The rating of 
PWM converter ranges from 5% to 10% of the rated capacity of offshore wind farm, namely from 
6.75MVA to 13.5MVA. The droop value is within the range of 0.4% to 4%. The 0.4% droop 
corresponds to the activation of the full active power of PWM converter within 200mHz frequency 
deviation, whereas the 4% droop is equal to the droop setting of offshore wind farm. The frequency 
disturbance simulated here is caused by the generator outage of the gas turbine G2 at 1.0s by 
opening the switches of its main transformer. It is worth noting that while the combination of 
offshore wind farm and VSC-HVDC regulates the frequency deviation, the BESS is disconnected 
from the grid; while investigating the frequency regulation effect of the BESS, the offshore wind 
farm generates all its available power (without de-loading) and the frequency controllers of offshore 
wind farm and VSC-HVDC are not activated. 
Figure 6.10 illustrates the comparison of frequency regulation effect between the BESS and the 
combination of offshore wind farm and VSC-HVDC. The occurring time of the nadir frequency, the 
nadir frequency and the post-fault steady-state frequency are presented in Figure 6.10a, b and c 
respectively. It can be seen from Figure 6.10 that the BESS is able to produce approximate 
frequency regulation effect as does the combination of offshore wind farm and VSC-HVDC, even if 
the rated power of its PWM converter is smaller than the power reserve of the offshore wind farm. 
In this scenario, the 9.45MVA converter with 0.8% droop has been enough for the BESS to provide 
the comparable frequency regulation capability to the combination of offshore wind farm and VSC- 
HVDC as shown in Figure 6.11. Figure 6.11-6.12 presents the results of system frequency, active 
power increase of BESS converter and onshore VSC, power generation of synchronous generators 
and the system spinning reserve.  
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(a) Occurring time of system nadir frequency for G2 outage.  
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(b) System nadir frequency for G2 outage.  
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(c) System post-fault steady-state frequency for G2 outage. 
Figure 6.10 Comparison of frequency regulation effect between the BESS and the combination of 
offshore wind farm and VSC-HVDC. The curved surfaces represent the results for the BESS with various 
PWM converter rating and frequency controller droop. The dashed line surfaces represent the result for the 
combination of offshore wind farm and VSC-HVDC.   
From the view of nadir frequency and post-fault steady-state frequency, there is nearly no 
difference in the frequency regulation between the BESS and the combination of offshore wind 
farm and VSC-HVDC. However, as we can see from Figure 6.11a, the grid frequency response 
regulated by the BESS is smoother. Figure 6.11b compares the active power increase of onshore 
VSC and BESS converter to the frequency deviation caused by G2 outage. Obviously, the active 
power output of the BESS experiences less fluctuations. The onshore VSC injects a little bit more 
active power into the grid than the BESS converter during the post-fault steady-state period, but it 
doesn’t exert much influence on the system frequency response as presented in Figure 6.11a. 
Additionally, using BESS to replace the primary control reserve of offshore wind farm can, on one 
hand, allow the offshore wind farm to operate more efficiently, and on the other hand, it also 
reduces the loading of conventional synchronous generating units and increases the system spinning 
reserve as clearly illustrated in Figure 6.12.   
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Figure 6.11 Grid frequency response and active power increase following G2 outage: (a) grid frequency 
response; (b) Active power increase of onshore VSC and BESS converter to the frequency deviation. 
Therefore, based on the analysis above, a supplementary capacity of 9.45MVA is selected for the 
BESS system to fulfil frequency regulation purpose in this study, whereas the offshore wind farm is 
freed from de-loading operations. In other words, the total capacity of PWM converter is 
29.45MVA and is used for the BESS to meet the demands for wind power fluctuation mitigation 
and frequency regulation. However, because of the uncertainty of frequency disturbances, the 
9.45MVA of PWM converter must be spared for the frequency regulation at all times. In other 
words, the maximum capacity of BESS converter that is used for wind power fluctuation mitigation 
is 20MVA. Moreover, since the BESS is not always charging / discharging at 20MW, it is possible 
to use more than 9.45MVA of its converter to regulate grid frequency deviations.   
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Figure 6.12 Variation of total active power and spinning reserve of conventional SGs following G2 
outage: (a) Total active power of SGs; (b) Spinning reserve of SGs. 
6.5 Evaluation of Frequency Response Capability of BESS  
	The grid performance improvement of applying BESS is evaluated regarding frequency stability 
support. The BESS is used to stabilize the system frequency in cooperation with smoothing wind 
power fluctuation, whereas the offshore wind farm and VSC-HVDC don’t contribute to primary 
frequency control any more. The simulation studies are carried out on DIgSILENT for the cases 
listed in Table 6.1. During the pro-fault period, the combined active power output of BESS and 
offshore wind farm is controlled to be 109.5MW that is initially about 80% of the rated capacity of 
offshore wind farm. Therefore, the BESS is in various charging / discharging states in terms of the 
active power generation of offshore wind farm. As aforementioned, the wind forecast error is not 
taken into account. For comparison, the last case studies the scenario that the BESS is not equipped 
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and offshore wind farm, which operates in a 20% de-loading mode, also generates 109.5MW.    
For studying the frequency behavior enhancement by BESS, the outage of the power plant with 
the fast gas turbine G2 is simulated at 1.0s by switching off its main transformer. That causes a 
sudden grid power imbalance and an under-run frequency. Figure 6.13 – 6.15 present the system 
response to the G2 outage with BESS of various charging / discharging states.  
TABLE 6.1 
 Study cases 
 Active power output (MW) 
BESS (PWM 29.45MVA) Offshore wind farm Combined 
Case1 -20 (charging) 129.5 109.5 
Case2 -10 (charging) 119.5 109.5 
Case3 0 109.5 109.5 
Case4 10 (discharging) 99.5 109.5 
Case5 20 (discharging) 89.5 109.5 
Case6 N/A 109.5 (20% de-loading)  109.5 
 
Figure 6.13 shows the grid frequency response and the combined active power output of onshore 
VSC and BESS, respectively. It can be seen that owing to the proposed power management 
approach for multi-task, the BESS is able to provide enhanced primary frequency control. The 
extent of the enhancement depends on the charging / discharging state of the BESS, and the 
converter capacity used for mitigating wind power fluctuation. By using BESS to replace the 
primary reserve of offshore wind farm, the system even has a stronger ability to regulate frequency 
deviation. Apparently, the system frequency response in Figure 6.13a is better when the BESS is in 
charging states compared with in discharging states. From Figure 6.13b, we can see that the 
increase of the BESS’s charging power (or the decrease of the BESS’s discharging power) improves 
the combined active power infeed to the system. In charging states, the BESS absorbs active power 
from the grid, but it stops this power absorption during the frequency under-run. In other words, the 
BESS in charging states not only provides power reserve, but decreases the power consumption of 
the grid that also improves the frequency response.   
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Figure 6.14 presents the active power output of the BESS and the amount of its variation for the 
given contingency. In the case (Case5) that the BESS is discharging 20MW for smoothing wind 
power generation before the contingency, the maximum primary frequency reserve is only 
9.45MW. However, with the decrease of the discharging power, the BESS then has more potential 
power reserve left for frequency regulation. Table 6.2 lists the potential primary frequency reserve 
of the BESS for the given five cases.   
With the same droop setting (0.8%), it is clear that the larger the discharging power of BESS 
(from Case1 to Case5), the less the power reserve of BESS for primary frequency control. In other 
words, the BESS is able to provide more frequency reserve if it is in charging states. The more 
primary frequency reserve that the BESS is able to provide, of course, also means that the less that 
the conventional power plants need to supply as shown in Figure 6.15.  
TABLE 6.2 
 Primary control reserve of BESS in different charging/discharging states 
 BESS with 29.45MVA converter 
Smoothing power (MW) Potential primary control reserve (MW) 
Case1 -20 (charging) 49.45 
Case2 -10 (charging) 39.45 
Case3 0 29.45 
Case4 10 (discharging) 19.45 
Case5 20 (discharging) 9.45 
	
6.6 Summary 
To a power system with high wind penetration, the control of system frequency and mitigation of 
power fluctuation become increasingly important. Forcing wind turbines to operate in a de-loading 
way and applying energy storage systems are both technically feasible to increase the system 
frequency reserve and enhance the system frequency response. 
In this chapter, a PWM converter-interfaced BESS is applied to the power system with a VSC-
HVDC connected large offshore wind farm. The BESS is used to provide primary frequency control 
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in cooperation with wind power fluctuation mitigation.  
The converter rating of the BESS is based on the requirement of wind power fluctuation 
mitigation and the consideration that the BESS is able to supply frequency reserve and regulation at 
all times to a certain extent. This extent is determined, in this study, to be comparable to that 
provided by offshore wind farm and VSC-HVDC implemented the coordinated control strategy 
described in Chapter 5. Accordingly, a new power management strategy is also proposed to adjust 
BESS’s frequency reserve based on its fulfilment of smoothing wind power fluctuation.  
The simulation studies are conducted with respect to various charging and discharging state of 
the BESS. The results show that the BESS with the suggested MW capacity and with the proposed 
control has great potential to enhance the system frequency response on the basis of wind power 
fluctuation mitigation.  
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Figure 6.13 System frequency response and the combined active power output of onshore VSC and BESS 
during the frequency under-run: (a) Frequency response; (b) Combined active power output of onshore VSC 
and BESS 
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Figure 6.14 Active power response of BESS to the G2 outage: (a) Active power output; (b) Active power 
increment. 
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Figure 6.15 Comparison of total active power and spinning reserve of conventional SGs for the given 
cases: (a) Total active power of SGs; (b) Spinning reserve of SGs. 
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Chapter 7 
Conclusions and Future Work 
7.1 Conclusions 
With the increasing demand for renewable energy, offshore wind power has been paid 
significant attention in recent years owing to its relatively stable wind condition, broad installation 
space, and plenty of reserve and so on. The development of offshore wind farms has been on the 
agenda of many European countries, especially. The capacity of offshore wind farms could be up to 
hundreds of MWs. Together with the fast growing wind power penetration level, the integration of 
large-scale offshore wind farms would seriously influence the operation and stability of the power 
grid and thus bring technical challenges in many aspects.  
This dissertation, as a consequence, has addressed some of the key technical issues with grid 
integration of large-scale offshore wind farms based on VSC-HVDC transmission system, with 
regarding mainly to voltage-reactive power regulation and frequency-active power regulation. The 
impact on power system stability of integrating large-scale offshore wind farms via VSC-HVDC 
transmission has been firstly investigated in consideration of the voltage support capability of VSC-
HVDC. An up-scaling method for VSC-HVDC based on trajectory sensitivity analysis is then 
proposed for enhancing the system voltage stability. For improving system frequency response, a 
coordinated control strategy is then proposed to enable both offshore wind farm and VSC-HVDC to 
contribute to frequency regulation. Finally, the application of BESS to power systems with high 
wind penetration is investigated and a control approach is developed to allow the BESS to fulfil 
multitask.  
The impact study of VSC-HVDC based offshore wind integration has been carried out on a 
transmission grid focusing on voltage stability and transient stability of the grid with different wind 
penetration levels. The impact on the grid steady-state voltage stability is explored based on the 
analysis of P-V curves that are drawn under two wind power injection conditions: unity power factor 
wind power supply and rated PCC voltage wind power supply.  It can be deduced from the P-V 
curves that the grid voltages experience a decrease with an increase in wind power in general. 
However, with the rated-PCC-voltage wind power supply, the wind power penetration limit can be 
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greatly enhanced compared to that with unity power factor wind power supply for the given power 
grid. It proves that the VSC-HVDC plays a very important role in wind power transfer owing to its 
reactive power support capability. The dynamic voltage study demonstrates that the bus voltage is 
higher with higher wind penetration during grid disturbances. The main reason is that the 
implemented control strategy of the onshore VSC and the fact that higher wind injection brings 
higher rating converters that can provide more reactive power support. For the studied transmission 
grid, the transient angle stability generally becomes worsen with higher wind penetration due to the 
change of power flow. However, owing to the control strategy of VSC-HVDC during grid faults, the 
VSC-HVDC is able to limit its active power output and, at the same time, enhance its reactive 
current output when it detects grid voltage faults. Therefore, an improvement in transient angle 
stability has actually been achieved when the given fault occurs at the line close to PCC. 
Owing to the independent active and reactive power control of the VSC, VSC-HVDC is able to 
provide reactive power / voltage support during grid voltage disturbances.  The voltage support 
capability of VSC-HVDC depends on both its VSC capacity and the corresponding control schemes. 
TSA is a technique that can effectively complement time domain simulation and provide valuable 
insights into the behavior of the dynamic system in accordance with the changes in parameters and 
operating conditions. With respect to the studied voltage support strategies of VSC-HVDC, a TSA-
based two-stage design method is developed to identify the minimum onshore VSC capacity with 
which VSC-HVDC can provide enough support for stabilizing the grid voltage following a grid 
disturbance. By using the proposed TSA-based two-stage method, the design is accomplished by 
numerical calculations based on only a few time domain simulations.  The two-stage approximation 
strategy also improves the accuracy of the TSA-based linear approximation. Both reactive power-
based and voltage-based trajectory sensitivities are applied to the design procedures. And the 
effectiveness of the proposed method is finally verified by results based on time-domain simulations. 
Besides the voltage support capability, VSC-HVDC also has the potential to contribute to system 
frequency regulation. A coordinated frequency control scheme is developed not only to reduce the 
responding latency of offshore wind farms effectively but also to allow VSC-HVDC to contribute to 
system frequency regulation by adjusting its DC-link voltage. The adaptive control of the DC-link 
voltage enables the DC capacitors of VSC-HVDC to release/absorb energy to regulate the frequency 
deviation. To further enhance the system frequency response, the frequency support from VSC-
HVDC is also finely coordinated with that from offshore wind farm according to the latency of 
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offshore wind farm responding to onshore grid frequency excursion. Through simulations and 
analysis, it is shown that the proposed control strategy allows the VSC-HVDC to provide effective 
inertial response without any extra investment. The coordination of the frequency control of the 
VSC-HVDC and wind turbines obtains a significantly enhanced frequency response for the studied 
power system. 
To improve the stability of power systems with high wind penetration, one of the effective 
solutions is the application of energy storage devices. Therefore, a PWM converter-interfaced BESS 
is applied to the power system integrated with a large offshore wind farm via VSC-HVDC link. The 
BESS is used to provide primary frequency control in cooperation with wind power fluctuation 
mitigation. A new converter rating evaluation approach as well as a new power management 
strategy is proposed to enable the BESS to enhance the system frequency response on the basis of 
wind power fluctuation mitigation. The simulation studies are conducted with respect to various 
charging and discharging state of the BESS. The results show that the BESS with the suggested 
MW capacity and with the proposed control has great potential to enhance the system frequency 
response on the basis of wind power fluctuation mitigation.  
7.2 Main contributions 
The major contributions of this thesis are as follows. 
 An impact study of grid integration of large-scale offshore wind farm via VSC-HVDC 
has been carried out. Though the impact greatly depends on the inherent characteristics of 
the studied power system, the study shows that owing to the voltage support capability, 
the application of VSC-HVDC link can benefit offshore wind farm integration by 
improving the penetration level, enhancing dynamic voltage stability and transient angle 
stability. 
 A TSA-based two-stage design method is developed to identify the minimum onshore 
VSC capacity with which VSC-HVDC can provide enough support for stabilizing the 
PCC voltage following a grid disturbance for the applied control strategies. The proposed 
approach improves the accuracy of the TSA-based linear approximation and avoids large 
number of time domain simulations. 
 A coordinated control strategy has been proposed to enable VSC-HVDC to provide 
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short-term frequency regulation by partially charging / discharging of its DC capacitors 
and consequently to enhance the system frequency response together with the regulation 
of offshore wind turbines. 
 A new converter rating evaluation approach as well as a new power management strategy 
is proposed to enable the BESS to enhance the system frequency response on the basis of 
wind power fluctuation mitigation. 
7.3 Future work 
Grid integration of offshore wind farms involves many challenges in both the technical area and 
the economic area. Based on the achievement and findings of this thesis work, there are several 
future research directions suggested in the area of offshore wind power integration as follows. 
 The impact study could be further investigated considering the variability of wind power 
and load based on probabilistic assessment. 
 The application of STATCOM is another effective measure to improve the system 
voltage stability. The optimal sizing and placing of STATCOM devices could be studied 
using the proposed TSA-based technique.   
 When the grid frequency restores to the normal state, offshore wind turbines and VSC-
HVDC should stop providing frequency regulation. Therefore, the withdrawal of the 
frequency control of offshore wind turbines and VSC-HVDC needs to be further studied 
to avoid the second frequency deviation caused by this withdrawal.  
 The VSC-interfaced BESS has the potential to provide reactive power compensation 
during grid disturbances. The coordination of voltage support between VSC-HVDC and 
BESS is attractive for further study.  
 Performing multitask means more frequent charging/discharging process to the BESS. 
The impact on BESS SOC and lifetime needs to be investigated. 
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Appendix A 
Control frames of VSC-HVDC and FCWT 
 
 
Figure A.1 Control frame of VSC-HVDC inverter 
 
 
Figure A.2 Control frame of VSC-HVDC rectifier 
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Figure A.3 FCWT Converter control frame
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Appendix B 
Relevant data of the transmission grid applied in Chapter 3 
 
TABLE B.1 
 Synchronous generator dynamic parameters 
Gen 
No. H (s) ݔ௟ሺ݌ݑሻ ݔௗሺ݌ݑሻ ݔ௤ሺ݌ݑሻ ݔௗᇱ ሺ݌ݑሻ ݔ௤ᇱ ሺ݌ݑሻ ݔௗᇱᇱ ሺ݌ݑሻ ݔ௤	ᇱᇱሺ݌ݑሻ ௗܶ଴ᇱ ሺݏሻ ௤ܶ଴
ᇱ ሺݏሻ
G1 999 0.15 2 2 0.3 0.7 0.2 0.2 6.6 2.5 
G2 5 0.15 2.43 2.33 0.307 0.6 0.2 0.2 7.5 2.5 
G3 5 0.15 2.1 2 0.365 0.7 0.2 0.2 7.4 2.5 
G4 5 0.15 2.09 2.04 0.254 0.39 0.2 0.2 6.6 1.3 
 
 
TABLE B.2 
 Synchronous generator load flow settings 
Gen No. S (MVA) 
Load Flow 
P (MW) Voltage (pu) 
G1 2500 Slack bus 1.02 
G2 750 650 1.03 
G3 1400 650 1.025 
G4 1500 1250 1.03 
 
 
TABLE B.3 
 Load settings 
Load No. Bus No.  
Load Flow 
P (MW) Q (Mvar) 
Load1 7 100 -50 
Load2 10 330 300 
Load3 9 2750 1700 
Load4 9 -100 0 
Load5 8 650 100 
 
 
Grid Integration of Offshore Wind Farms via VSC-HVDC – Dynamic Stability Study 
132 
 
TABLE B.4 
 Parameters of AVRs 
 AVR1  AVR2 AVR3 AVR4 
Tf (s) 0.0235 0.04 0.04 0.04 
K (pu) 150 40 140 110 
T1 (s) 5.6 4 12.09 8 
T2 (s) 2.7 1.2 1.37 2 
T3 (s) 0.06 0.02 0.02 0.02 
T4 (s) 0.19 0.1 0.0565 0.05 
Vmin (pu) -3.3 -6.1 -4.75 0 
Vmax (pu) 4.125 6.1 5.25 0 
Efdmin (pu) -3.3 -4.1 -4.75 5 
Efdmax (pu) 4.125 5.3 5.25 5 
 
 
 
TABLE B.5 
 Parameters of GAST governors 
 GOV1 GOV2 GOV3 GOV4 
R (pu) 0.04 0.06 0.047 0.055 
T1 (s) 0.4 0.4 0.4 0.4 
T2 (s) 0.1 0.1 0.1 0.1 
T3 (s) 3 3 3 3 
AT (pu) 1 1 1 1 
Kt (pu) 2 2 2 2 
Dturb (pu) 0.001 0.001 0.001 0.001 
Vmin (pu) 0 0 0 0 
Vmax (pu) 1 1 1 1 
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Figure B.1 Generic BBSEX1 AVR model  
 
 
Figure B.2 Generic GAST governor model
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Appendix C 
Relevant data of the transmission grid applied in Chapter 4, 5 and 6 
 
TABLE C.1 
 Synchronous generator dynamic parameters 
Gen 
No. H (s) ݔ௟ሺ݌ݑሻ ݔௗሺ݌ݑሻ ݔ௤ሺ݌ݑሻ ݔௗᇱ ሺ݌ݑሻ ݔ௤ᇱ ሺ݌ݑሻ ݔௗᇱᇱ ሺ݌ݑሻ ݔ௤	ᇱᇱሺ݌ݑሻ ௗܶᇱ ሺݏሻ ௤ܶᇱሺݏሻ 
G1 9.55 0.0309 0.36 0.24 0.15 - 0.1 0.1 3.73 - 
G2 4.165 0.0103 1.72 1.66 0.23 0.378 0.2 0.2 0.8 0.12 
G3 2.765 0.13477 1.68 1.61 0.23 0.32 0.2 0.2 0.806 0.12 
 
 
TABLE C.2 
 Synchronous generator load flow settings 
Gen No. S (MVA) 
Load Flow (Chapter 4 & 5 / Chapter 6) 
P (MW) Voltage (pu) 
G1 145 Slack bus 1.025 / 1.025 
G2 80 55 / 24.6 1.025 / 1.025 
G3 190 140 / 109.6 1.025 / 1.025 
 
 
TABLE C.3 
 Load settings 
Load No. Bus No.  
Load Flow  
P (MW) Q (Mvar) 
Load A 5 125 50 
Load B 6 90 30 
Load C 8 100 35 
 
 Rotor S (KVA) Power factor 
Rated Speed 
(rpm) H (s) ݔ௦ሺ݌ݑሻ ݔ௠ሺ݌ݑሻ
ASM Double Cage 3×9063 0.91 1492 2.252 0.01 0.01 
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TABLE C.4 
 Parameters of AVRs 
EXAC1 (G1) IEEET1 (G2 & G3) 
Tr (s) 0.025 Tr (s) 0.028 
Tb (s) 1 Ka (pu) 175 
Tc (s) 1 Ta (s) 0.03 
Ka (pu) 200 Ke (pu) 1 
Ta (s) 0.02 Te (s) 0.266 
Te (s) 0.35 Kf (pu) 0.0025 
Kf (pu) 0.0069 Tf (s) 1.5 
Tf (s) 1 E1 (pu) 4.5 
Kc (pu) 1 Se1 (pu) 1.5 
Kd (pu) 0.2 E2 (pu) 6 
E1 (pu) 3.13 Se2 (pu) 2.46 
Se1 (pu) 1.73 Vmin (pu) -12 
E2 (pu) 4.18 Vmax (pu) 12 
Se2 (pu) 4   
Ke (pu) 1   
Vmin (pu) -36.3   
Vmax (pu) 41.7   
 
 
TABLE C.5 
 Parameters of governors 
HYGOV (G1) GAST (G2) IEEEG1 (G3) 
r (pu) 0.5 R (pu) 0.047 K (pu) 25 
Tr (s) 8.408 T1 (s) 0.4 T1 (s) 0.25 
Tf (s) 0.05 T2 (s) 0.1 T2 (s) 0 
Tg (s) 0.5 T3 (s) 3 T3 (s) 0.1 
Tw (s) 0.496 AT (pu) 1 K1 (pu) 0.3 
At (pu) 1.15 Kt (pu) 2 K2 (pu) 0 
Pturb (pu) 0 Pturb (pu) 0 T5 (s) 10 
Dturb (pu) 0 Dturb (pu) 0 K3 (pu) 0.4 
qnl (pu) 0.08 Vmin (pu) 0 K4 (pu) 0 
R (pu) 0.04 Vmax (pu) 1 T6 (s) 0.4 
Gmin (pu) 0   K5 (pu) 0.3 
Velm (pu) 0.2   K6 (pu) 0 
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Gmax (pu) 1   T4 (s) 0.3 
    T7 (s) 0 
    K7 (pu) 0 
    K8 (pu) 0 
    Uc (pu/s) -0.1 
    Pmin (pu) 0.3 
    Uo (pu/s) 0.1 
    Pmax (pu) 1 
 
 
Figure C.1 Generic EEAC1 AVR model 
 
Figure C.2 Generic IEEET1 AVR model 
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Figure C.3 Generic HYGOV governor model 
 
 
Figure C.4 Generic IEEEG1 governor model
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Appendix D 
Relevant data and illustration of BESS 
 
 
Figure D.1 Battery frame  
 
 
Figure D.2 Battery control frame 
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TABLE D.1 
 Parameters of the simplified battery model 
 Description Value 
CellCapcity (Ah) Capacity per cell 80 
Vcellmin (V) Voltage of empty cell 12 
Vcellmax (V) Voltage of full cell 13.85 
CellsInParallel Amount of parallel cells 60 
CellsInRow Amount of cells in a row 65 
Rcell (ohm) Intern resistance per cell 0.001 
Vcell (kV) Nominal voltage of source 0.9 
SOC0  State of charge at initialization 0.8 
 
 
 
